DOCUMENT RESUME 



ED 291 598 



SE 048 935 



AUTHOR 
TITLE 



INSTITUTION 
SPONS AGENCY 

PUB DATE 
CONTRACT 
NOTE 
PUB TYPE 

EDRS PRICE 
DESCRIPTORS 



Smith, Carol; And Others 

Teaching for Conceptual Change Using a Computer-Based 
Modeling Approach: The Case of Weight/Density 
Differentiation. Technical Report 87-11. 
Educational Technology Center, Cambridge, MA. 
Office of Educational Research and Improvement (ED), 
Washington, DC. 
Nov 87 
400-83-0041 

151p.; Drawings may not reproduce well. 
Reports - Research/Technical (143) 

MF01/PC07 Plus Postage. 

Chemistry; ^Computer Assisted Instruction; Computer 
Graphics; ^Computer Simulation; Computer Uses in 
Education; Earth Science; Educational Technology; 
Elementary Education; ^Elementary School Science; 
^Middle Schools; ^Physical Sciences; Physics; Science 
Education; Teaching Methods 
IDENTIFIERS ^Density; Science Education Research 

ABSTRACT 

Because density is unobservable and must be inferred 
from knowledge about weight and size, it is a difficult concept to 
teach and learn. Even after traditional instruction, many students 
still have an undifferentiated concept that mixes characteristics of 
both weight and density. In this study, researchers tested the 
effectiveness of a unit they created to help students make this 
difficult conceptual differentiation, which is crucial to 
understanding the particulate nature of matter. The Educational 
Technology Center's Height/Density Unit uses both computer 
simulations and classroom activities with real materials of different 
weights, sizes, and densities. The simulations attempt to make 
density more visually accessible than it is with real objects. 
Researchers used the unit in one sixth-grade and one seventh-grade 
class. The findings suggest that providing conceptual change is both 
difficult and possible, and they further suggest that computer 
models, used in combination with hands-on materials can help students 
to understand an abstract and perceptually inaccessible concept such 
as density. Evidence from the pre- and posttest and the clinical 
interviews suggests that the teaching intervention brought about two 
kinds of change: (1) conceptual differentiation among students who 
initially made none; and (2) conceptual consolidation in which 
students who already had a beginning, fragile distinction deepened 
and extended their understanding. Appendixes make up the bulk of the 
volume. They include samples of the assessment instruments; teaching 
materials for three units, with worksheets; and a discussion of the 
computer programs. (CH) 
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INTRODUCTION 



Overview 

Recent work in science education has revealed that students typically fail to assimilate the 
scientist's framework as a result of instruction. Instead they either distort the lessons so that they 
fit their own intuitive frameworks (see, for example, the work of Wiser, 1986; Bell, 1985; and 
Tasker, 1981); or they attempt to learn the scientists' procedures and formulas as a separate 
system of little meaning: a system to be applied only in stereotyped classroom contexts (e.g., 
classroom examinations) and not outside school settings to explain everyday phenomena (see, 
for example, the work of Solonrwn, 1983). Both results essentially leave students conceptually 
untouched by their encounters with nfiodem sdence. Given that students have alternative 
conceptual frameworks for some of the phenomena they will encounter (as documented in Driver 
and Erickson, 1983 and Driver, Guesne and Tiberghlen. 1985), they need to make conceptual 
changes in those framewori<s to understand science. Part of the problem is that making such 
conceptual changes is genuinely difficult. Furthermore, the way sdence is typically taught makes 
it hard for students to think through their ideas about science on a conceptual level. Giving 
students lists of formulas or definitions to memorize encourages rote approaches to learning and 
does not help students relate the new material to their existing conceptions. Our concern - and 
that of man^* others in the fieW - is with developing ways of teaching science which help promote 
the process of conceptual change (see also the work of Minstrell, 1982; Driver and Oldham, 
1986; Wiser, 1986). 

If one is to design a curriculum to promote conceptual change, one first needs a careful 
analysis of student starting points and expert end points in order to clearly define he conceptual 
change desired. The contemporary expert understanding of science is, of coure ), a system of 
great complexity. Thus, we propose tnal it is useful to consider historically earii' expert systems 
as well as the currently accepted expert system in order to identify routes into expert frameworks. 
Such knowledge, coupled with an analysis of student starting points, then helps one identify a 
powerful set of ideas which are within the student's grasp that will help them move from their 
framework toward the experts'. 

In designing a curriculum to promote conceptual change, one also needs to identify a range 
of activities which will help students understand and make modifications to their conceptual 
system. Typically sdence cumcula concerned with this goal have had students make predictions 
about real world phenomena, selecting situations which will be puzzling given students' cun'ent 
framework. While this kind of activity certainly is an important one, by itself it does not necessarily 
lead to conceptual change. We propose two additional kinds of activities inventing models of 
phenomena and wori<ing with computer-based models developed by others - which we think can 
be effective in helping students make conceptual changes, especially when used in combination 
with thinking about puzzling phenomena. It is advantageous to have students wori< with modeling 
activities because such activities allow them to "see" their ideas and the conceptual relationships. 
Thus, it directs them to thinking about the theory side of science (i.e., underiying conceptual 
relationships) as well as data. Furthermore, such activities provide an opportunity to develop 
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some "metaconceptuar points about the nature of science: in particular, an understanding of the 
nature of scientific models and the ways they help scientists understand phenomena. 

In evaluating the effectiveness of such cumcula, it is necessary to develop assessment 
tools which are sensitive to student's ways of conceptualizing phenomena. Clinical interviews are 
ideally suited for thiia purpose, but it is important to develop group administered written tests 
which can serve the same function in actual teaching practice. A final purpose of tlio present 
study is to explore ways of developing more adequate tests to assess conceptual change. 

The particular case we have chosen to investigate involves young children's learning about 
density. We have sought to understand exactly what kinds of conceptual changes are needed in 
assimilating this concept, and have developed a cumculum which uses a modeling approach in 
trying to bring about conceptual change. The goal of this case study, then, is to illustrate what is 
involved in designing a cum'culum to promote conceptual change and what is involved in 
assessing the success of such curricula. 

Analysis of endpoint 

In this section we begin by discussing the complexities of the density concept within the 
framewori^ of an expert in physical science. From there, we clarify our pedagogic goals and what it 
is about the concept of density that we wanted the sixth and seventh graders in our study to 
understand. 

In approaching any physical phenomena, physicists start by defining the system in question 
and examining its components (e.g., objects, forces, energies, and so on.) An object within a 
system can be regarded in several ways, depending on what problem the physicist is trying to 
solve or what aspect of a phenomenon the physicist is trying to analyze. In some cases it is most 
important to focus on characteristics particular to the object (e.g., its shape, volume, position, 
function, and mass). In other cases it is more important to focus on the characteristic properties of 
the material from which it is made (conductivity, .tensile strength, and density are all examples of 
characteristics of material kinds). 

Given that one recognizes, intuitively, that objects are made of materials and a single object 
can be composed of one or several different materials, one can begin to search for and find ways 
to characterize the Afferent kinds of materials objects are made of. There are two ways to 
characterize what is distinctive about material kinds. One is based on macroscopic properties of 
the substance and the other is based on its microscopic properties. The notion of density of 
materials can be approached on both levels. 

One way to define the density of materials on a macroscopic level is to define a procedure to 
compare the density of two objects. Historically, this is the kind of definition of density which was 
used by Galileo. Galileo noted there are two ways an object can be heavier than another: in 
absolute weight and in specific weight. When one object is heavier than the another regardless of 
the two objects' size, the objects differ in absolute weight. However, when both objects are the 
same size but one is heavier, Galileo introduced the word "specific weight" to refer to the kind of 
heaviness which characterizes different materials. In Galileo's words: "I shall call equal in specific 
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weight those materials of which equal bulks are equal in weight; for example, if two balls, one of 
wax and the other of some wood, being equal in volume and also equal in weight, we shall say that 
that kind of wood and wax are equal in specific weight- (p. 27 in Stillman Drake's translation of 
Galileo's Bodies That Stay Atop nf Water or Move In It^ . For qualitative understanding and 
reasoning about density, ftotation, and other phenomena (such as thermal expansion), this 
definition is perfectly satisfactory. When more quantitative information about relative densities is 
needed (for example, for predictions about level of submergence), one can still keep this 
definition and choose one material as the standard. This nfiaterial is usually water and the 
concept of specific gravity emerges. Specific gravity is defined as how much heavier an object is 
than the same volume of water. Specific gravity and density will always be proportional; specific 
gravity, however, is a dimensionless number because it gives the proportion of two densities. 

The contemporary physicists' conception of density differs from Galileo's notion of specific 
weight in several important respects. Density is fomnally defined as the ratio of mass to volume. 
Whereas Galileo defined specific weight by giving a procedure for determining which of two 
objects is denser, the contemporary definition of density provides an abstract mathematical 
formulation (divide mass by volume) for quantifying the density of a single object. It should also be 
noted that the contemporary account uses the concept of -mass** rather than 'Veighf; the nofion 
of -mass- was not available to Galileo. Within the contemporary framework of physicists, weight is 
no longer a property of the object or the material it is made from, but is the force of gravity applied 
to the object (or arrwunt of nfiaterial) because it has mass. However, since the weight applied to all 
objects on earth is in direct constant proportion to their mass, one can see the weight of an object 
as a measure of its mass. Thus, under certain predefined condifions, the disfinction between 
weight and mass is not critical. 

Another way the contemporary framework differs from Galileo's concerns the development 
of extensive theories about the nature of matter on a microscopic level. The search for 
understanding the nature of materials at this level has been a long one that has not ended yet. 
However, with the advent of the periodic table and the birth of modem chemistry, scientists had a 
productive way of thinking about the fundamental elements or building blocks from which all 
materials are made and for thinking about the structure in which these building blocks are 
arranged. This advance, however, leads to new complicafions in thinking about -material kinds" 
and what counts as -homogeneous materials; - it also has consequences for how one measures 
density. 

For example, at the macroscopic level, wood will be considered a horTX)geneous 
substance, although at the microscopic level it is made of different elements. How then does one 
determine the density of wood? The modem definifion of density as amount of mass per unit 
volume depends on the assurrption that we are dealing with homogeneous materials. 
Therefore, when one determines this quantity experimentally, the sample used should be of such 
a size for which this assumpfion of homogeneity is valid. Intensivity should be preserved and valid 
for all localities at this level of resolution. The concept of density as locally defined but having a 
value at each and every arbitrary point in the object is a mathematical abstraction that is derived 
from measurement of weight and volume. The interpretafion of these numbers in terms of real 
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measurable properties of the materials depends on the size of the sample from which the abstract 
number was derived. 

Rnally, one can also define a notion of -average density- for objects made of two or more 
different materials. The concept of average density can be approached from two directions. 
One way is to define the ratio of total mass (or weight) to total volume (or size). The other is to 
perform some weighted average of the densities of the materials from which the object is made. 

In our teaching efforts, our goal is to have students characterize materials at the 
macroscopic level, and like Galileo come to make a clear distinction between absolute weight and 
specific weight (which, at this point, we call density). We go beyond, Galileo, however, in giving 
student's not only a qualitative procedural definition of density, but also a (macroscopic) niodel for 
thinking about density, and a wore fomial mathematical definition of this quantity. 

We feel it is important for students to have a macroscopic concept of density to consolidate 
their understanding of material kinds, and to deepen their theoretical explanation of weight as a 
function of both the amount and density of material in an object. We begin with the notion of 
weight, rather than mass, simply because it is more accessible, and because the contexts we 
investigate don't require a distinction between mass and weight. We assume the complete 
homogeneity of substances when we want to define their density. In other words, we assume 
that the substance is both completely homogeneous and continuous which was, interestingly 
enough, the assumption Archimedes held when he formulated his fanf)ous law on the sinking and 
floating behavior of objects. When (later in our units) we use objects built of several parts, each 
made of differe.nt material, then we introduce the concept of average density. 

Analysis of student starting points 

Recent research suggests that during the elementary school years studr?nts are coming to 
reconceptualize weight as a fundamental property of matter (see, for example, \he work of Smith, 
Carey, and Wiser, 1985). The development of students* intuitive matter theory in turn sets the 
stage for their seeing the need to differentiate two quantities - weight and density - where 
previously they had only needed one. Initially they -advance- by replacing a concept of absolute 
weight with a concept which combines both extensive and intensive meanings (heavy and heavy 
for size). However, without formal instruction a number of children manage to progress to making 
a preliminary distinction between weight and density. In this section, we summarize the strengths 
in students* existing conceptions which can be built on in an instructional unit as well as some of 
the limitatioHo in their conceptions which need to be overcome. 

One source of strength in student conceptions is their concept of material kinds. Even 
four-year-olds know some words for material kinds (like **wood-, -glass-, **steer) and know relevant 
perceptual characteristics of these kinds that are useful in identifying them. During the 
elementary school years, students deepen their concept of material kinds not only by learning 
about more of them, but also by coming to define them more in terms of there being an underlying 
constituent of the object than in terms of their surface perceptual characteristics. So, for example, 
such students will assert that a cut-up rubber band must still be rubber, even though it is no longer 
-stretchy**, because it is made of rubber. They can think of mbber objects as rubber at every 
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point. Thus, although they ckDnt know yet about atoms and molecules, they have made an 
important advance in their thinking about material kinds. 

Another strength lies in student conceptions of weight. Again, even four-year-olds know 
the words "heavy- and "light" and have good procedures for inferring an object's weight (i.e., 
hefting, balancing). Further, during the elementaty school years, the student's concept of weight 
has been deepened in an important way: nnost students come to think of weight as a 
fundamental property of nnatter. In their words, "if it is soniething, it's got to have weight." Thus, 
they now assert that even a tiny object must weigh something even though it doesnl Ififil like it 
weighs anything, and they explain the weight of the whole object in terms of the weight of its 
parts. Although in conceiving of weight as an inherent property of matter their concept of weight 
shares some features with the physicists' conception of mass (indeed, children at this point don't 
make a clear distinction between weight and mass, and don1 conceptualize weight as a 
gravity/mass relation), students have gone beyond defining the essence of weight as "felt 
weight- and have begun to embed this notion in a matter theory. 

Rnally, students also have developed generalizations that th-^re are "heavy and light kinds 
of materials" (their choice of wording). Again, even four-year-olds have begun to form 
generalizations of ti\\s kind. However, the sense of "heavy" they use in these generalizations - it 
is primarily the "extensive^ sense of "heavy" - ir- of a quantity which increases as one makes the 
object bigger. During the elementary school years, progress is made in developing a nore 
"intensive" sense of "heavy" (i.e., the notion of heavy torsive) . This notion is intensive in that it is 
a quality which varies in degree (or intensity) for the kind of material. Thus, steel has rwre of it, 
wood less. At this point, many students use both intensive and extensive senses of heavy in 
their generalizations about material kinds - they don't see them as distinctly different kinds of 
quantities. Thus, one limitation in these students' conceptions is that thfey have not fully 
differentiated a notion of density from weight. 

At the same time, by embarking on developing a matter theory, the seeds for making a 
differentiation between weight and density have already been sown. As long as children think of 
weight as "felt weight", the notion of the weight of objects is unanalyzed and children need only 
one concept. However, as children begin to develop a matter theory, the weight of objects is 
seen to be a function of two factors: the "weight" of the kind of material the object is made of and 
the amount of material in the object. Thus, their conceptual system now needs two kinds of 
weight where it previously needed only one. Of course, getting these differences straight is no 
simple matter. It involves wrestling with the differences between intensive and extensive 
quantities. But there is now evidence that by the later elementary school years a number of 
children have come to make a beginning distinction between these quantities. 

Although previous research is sparse on this point, there is reason to believe that the 
concept of density children spontaneously develop is a qualitative one, heavily tied to their 
concept of material kind. At most, they have a procedural definition for density (they know steel is 
a heavier kind of material than aluminum, because if you took a same size piece of steel and 
aluminum, the steel piece would be heavier) rather than a formal mathematical one (weight per unit 
volume). Indeed, although students are familiar with standard units of weight, they are much less 
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familiar with standard units of volume. Further, students know little about thermal expansion 
(Strauss et al, 1983), and hence are not aware of the cx)nditions under which the density of 
materials may change. Thus, they typically think of density as an invariant property of material 
kinds rather than an abstract expression of weight/size relationships. 

The goals of our curricular unit are to encourage students to analyze the weight of objects in 
terms of a matter theory (i.e., see weight as a function of the amount of material arid the density of 
the kind of material) and to have them see the need for articulating two distinct concepts within 
such a theory: weight and density. We want them to use their qualitative understanding of 
density In formulating a predictive rule for sinking and fk)ating. In addition, we want students to go 
beyond seeing density as an invariant characteristic of material kinds which is defined solely by 
comparative procedural tasks to understanding a mathematical formulation in which density is 
seen more abstractly in terms of size/weight relationships. Rnally, we want them to use this more 
mathematical fornKtlation to understand the phenomena of thermal expansion. 

Curricular Issues 

Curiously, previous approaches to teaching students about density do not attempt to first 
consolidate qualitatively students' understanding of density as an intensive property of material 
kinds before introducing wore formal and quantitative definitions or more complicated atomistic 
models. For example, in one approach the notion of density is presented as a formal mathematical 
definition and students use graphing techniques to "discover^ the constant size/weight 
relationships for a particular material kind (Rowell & Dawson, 1977). In another approach, 
instruction begins by simultaneously challenging the student's extensive conceptions of density 
as mass/weight and the student's intensive conceptions of density as crowdedness (Hewson and 
Hewson, 1983) and introducing an atomistic model in which density is seen as a joint function of 
the mass of individual atoms and the packing of the atoms. Further, in both cumcula students are 
immediately given sinking and floating problems which require a notion of average density to 
understand (e.g., why some people sink and others float; why a block of steel sinks but a steel 
boat floats). Not surprisingly, these cumcula have achieved only limited success even with 9th 
grade students: quite a number of students persist in holding on to thei." alternative conceptions 
of density. The conclusion is that density is a most difficult a ^icept indeed for students. 

Our approach differs from this previous work in (1) working with a much younger group of 
students (6th and 7th graders rather than 9th graders) and (2) trying to build on students' 
conceptions of material kind and develop a qualitative understanding of density before moving to 
more quantitative formulations. Instead of introducing the concept of density with a formal 
mathematical definition, we encourage students to build models in which weight and density are 
represented in different ways. We then present our first computer model which represents the 
kinds of material an object is made of in two ways: by the color of the material (orange, green, 
purple, etc.) and by the number of dots contained in a standard size box (green material has 1 
dot/box, purple 2 dots/box, etc.) The size of the object is then simply the total number of 
(stand?.rd size) boxes in the object; the weight is the total number of dots contained in all the 
boxes. Workimj with these computer nx)dels, students explore size/weight relationships well 
as sinking/floating phenomena working only with objects made of homogeneous materials, and 
are thus led to "invent" a nx)re mathematical formulation of density. We subsequently help 
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students complicate their notion of density in two ways: (1) by seeing that under certain 
conditions the der^ity of material kinds can vary (themrial expansion unit); and (2) by seeing that 
one can intrduce a notion of average density to deal vvlth defining the density of 
nonhomogeneous objects (average density unit). Thus, we bring students a long way towards 
the goals set for older students, although we stop short of introducing the distinction between 
mass and weight and introducing atomistic models. 

The main purpose of the p.^'esent study is to see whether this modeling approach is 
effective in bringing about conceptual change. If it is, one might argue it represents an important 
"bridginq- curriculum appropriate for the middle school years which might prepare students for 
more sophisticated treatments of density in 9th grade. .Another purpose (to be discussed in a 
subsequent paper) was te study whether such a curricuiLm was effective in teaching students 
about the nature of models. 

Assessment Issues 

Previous work has used both paper and pencil tests and clinical interviews to assess 
students' understanding of density. The paper and pencil tests have been used primarily with 
older students and have stressed semantic aspects of students* understanding of the word 
-density- (see, for example, the kinds of tests used by Rowoll & Dawson and Hewson & Hewson). 
For example, Rowell and Dawson ask students to explain what is wrong with this statement: 
-Steel is a heavier density than aluminum-. Such tasks revoal that students have a very poor 
understanding of the distinction between weight and density, even after teaching. However, it 
may be a mistake to place such emphasis on verbal tasks. These tasks call for skill at -analytic- 
language comprehension which may not be well developed in these students. Further, 
research in the clinical interview tradition reveals there may be much more basic comprehension 
among stuo'ents than these tasks tap. 

Research in the clinical interview tradition has had the luxury of individually interviewing 
stuuents, giving them objects to handle, and posing questions for them to pi/zzle about (e.g.. 
Smith. Carey and Wiser). Such interviews rarely presuppose students already know the meaning 
of the word -density-, rather they use language that students invent for this purpose (e.g.. 
-heavier kind of material"). Further, such interviews give students new experiences and explore 
their capacity to organize them; they don1 just assess their knowledge at the start of the 
inten/iew. For example, students may be given a chance to explore which objects in a set sink or 
which ones float, before being asked to formulate a predictive rule. Both features allow them to 
be wore sensitive to differences in conceptual understandings, rather than more superficial 
sources of confusions. Based on such tasks. Smith, Carey and Wiser concluded that a number of 
ten-year-olds already give evidence of making some dis..nction betvyeen weight and density. 
Given that at most one or two 14- and 15-year-olds /^olve Rowell and Dawson's verbal task, one 
can conclude there is a disparity between the two ways of assessing children*s understanding of 
density. 

At the same time, the results from other clinical inten/iews suggest their may be important 
limits in children's understanding of density. Rov/ell and Dawson and Hewson ga^e students 
clinical interviews about sinking and floating. Un'ike the problems set by Smith, Carey, and Wiser. 
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in which density covaried with material kind and in which children's understanding was assessd by 
examining their systematic pattern of judgments^ they gave children problems with 
nonhomogeneous materials and boat-like shapes and looked closely at the language of children's 
explanations. They found that even 15-year-olds were quite confused about the distinction 
between weight and density. One possible way to resolve these discrepant findings is to 
hypothesize that there might be different levels of understanding the distinction between weight 
and density: a first level in which density is understood as an intensive property of homogeneous 
materials, and a second level in which it is conceived of iixjre abstractly in terms of the ratio of 
weight to volume. 

In the present study we constructed two different ways of assessing changes in conceptual 
understanding: a clinical interview and a written test. Both kinds of test were considerably 
broader in scope ihan previous tests, allowing us to assess different levels of understanding. For 
example, the clinical interview used tasks which assessed students' understanding of density as a 
property of material kind and their understanding of the conditions under which density and 
material kind do not covary (e.g., thermal expansion). The written test included items which 
probed both their verbal understandings of "density" and their nonverbal understandings. In 
addition, both tests used drawing tasks (modeling tasks) as an additional means of probing 
children's conceptual understanding - an important kind of task which has previously been little 
used. Rnally, while individual investigators have probed children's understandings of various 
phenomena (such as sinking/floating, thermal expansion) separately, the same children have not 
been interviewed about this full range of phenomena. Thus, these new tests aliow us to see how 
systematically students apply their concept of density to a range of phenomena and to what 
extent performance on a variety of tasks "hangs together." While at this point in the research the 
written and clinical tests were not parallel in structure, by giving two different tests to the same 
children we coukl begin to investigate issues about the extent to which different forms of 
questioning produce comparable rF:ults. 

The Study 

Two classes of students (one 6th grade, one 7th grade) were given our curriculum on 
weight and density during the course of their science instruction in the regular year. Two units 
were developed: Unit 1 had students explore sinking/floating phenomena and introduced 
students to the distinction between weight and density (ten 40-minute class periods); Unit 2 
(presented one to four months later) introduced students to the phenomena of thermal 
expansion (six 40-minute class periods). (The 7th graders also received a third unit on average 
density, which will be reported at a la^'^r date). All students received the written test immediately 
prior to Unit 1, immediately after the completion of Unit 1, and immediately after the completion of 
Unit 2. A subsample of students also received the clinical interview at those same three times 
(prior to Unit 1, after Unit 1, and after Unit 2). Students were always given the written test before 
the clinical interviews. 

The study addressed several questions. First, what are student starting points? To what 
extent do children conflate notions of heavy and heavy for size in one concept? To what extent 
are their confusions verbal rather than conceptual in nature? Second, how effective is the 
teaching? Do students show evidence of making genuine conceptual changes as a result of 
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instruction? And finally, how effective are written tests in assessing conceptual change? Can 
written tests diagnose the same kinds of conceptual understandings tapped in clinical inten/iews? 



METHODS 

Students 

The study was done with two classes of students: (1) a sixth grade class of students at the 
West Marshall School in Watertown, Mass; and (2) a seventh grade class of students at the 
Hosmer East School in Watertown, Mass. There were 20 students in the 6th grade class: 1 1 girls 
and 9 boys. There were 17 students in the 7th grade class: 1 1 boys and 6 girls. One 6th grade 
girl moved during the course of the study, and so participated in only the first part of the study 
(pretest and posttest 1). 

Watertown is a suburb of Boston and the students are from families of low to middle income. 
The West Marshall and Hosmer East are both elementary and junior high schools and the 
population they draw on is ethnically diverse. The 6th grade class was the only 6th grade at the 
West Marshall, with students of heterogeneous math abilities. The 7th grade class was a higher 
rnath ability class in the junior high school. 

Assessment issues 

We probed children's understanding of the distinction between weight and density in two 
ways: MHn a group administered written test : and (2) in individuallv conducted ciinical interviews . 

All the students received the written test; a large subsample (12/20 6th graders; 10/17 7th 
graders) then received the clinical inten/iew as well. Since our previous research had always used 
clinical inten/iews to assess conceptual understanding, one important question addressed in this 
wori< was whether written group administered tests could sen/e this purpose as well, (see 
Appendix 1 for copies of the Written Test and Clinical Inten/iew). 

Ttie clinical inten/iew: overview. 

The clinical inten/iew used several different types of tasks to probe students* ability to make 
a distinction between two kinds of heaviness: the heaviness of objects and the 
-heaviness"(density) of different kinds of materials. These tasks involved ordering objects by 
weight and density, inventing models for visually representing the two dimensions, selectively 
applying one concept rather than the other to organize understanding of sinking/floating 
phenomena, and answering questions about how adding material and thermal expansion affect 
the two dimensions in question. For all the problems except the ones about thermal expansion, 
density can be understood as an invariant characteristto'of material kinds. The thermal expansion 
problems, in contrast, require that children can abstract the notfon of density from material kind. 

The inten/iew did not require any initial knowledge of the word •'density\ The ordering 
tasks began by asking children to contrast which object is heavier and which object is made of a 
heavier kind of material. The word •'density*' was then introduced in this context: it was explained 
that some materials are denser than others which means that they are a "heavier kind of material". 
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Other tasks then used the contrast between weight and "density of material** (where density was 
again explained in this general fashion if children forgot its meaning). The interview also did not 
require any initial knowledge abouX sinking/ftoating phenomena: children were given experience 
investigating whtoh objects sink and float (for objects made of four kinds of materials, of varying 
size) prior to the questtons about sinking and floating. 

All the tasks (except the tasks about sinking and floating) involved asking chiklren 
contrasting questfons about weight and density. Consequently, they v^ere scored in temris of the 
extent to which children distinguished between both kinds of questfons. Chiklren were 
categorized as either (1) making no distinction between the two kinds of questions (e.g., 
answering both in terms of absolute weight), (2) making a beginning, but not clear distinction , 
between both kinds of questions (e.g., answering the weight questions correctly, but answering 
the density questions with density/weight patterns), or (3) making a clear distinction between both 
kinds of questfons (i.e., weight patterns on weight questfons; density patterns on density 
questfons). The questfons about sinking/ftoating phenomena were scored in temris of whether 
chiklren showed weight patterns, mixed weight/material patterns, or clear density patterns. 

The clinical interview: detailed description of tasks and scoring categories. 

1. The ordering tasks . There were two types of ordering tasks ( pain^/ise ordering and four- 
obf'ect ordering) , which were ultimately scored as one unit. 

The first ordering task involved a series of pairwise comparisons. Children were first asked 
to judge if one object in a pair was heavier than another for six object pairs. Scales were available 
for them to check their felt weight judgments. For two of the object pairs, the heavier object was 
also made of the denser material, while for the other four, weight and density did not covary. 
These four critfoal comparisons are central to detecting any weight/density confusions. Children 
were then presented with 6 object pairs for whfoh they had to judge if one of objects was made of 
a heavier kind of material. When asked the "heavier kind of material questions**, children were first 
shown two pairs of same size objects which differed in weight (same size wood and aluminum 
objects; same size aluminum and steei objects). These two comparisons allow children to make 
the inference about the relative densities of wood, aluminum, and steel, but are not critical 
comparisons since weight and density covary. These two items were followed by four critical 
comparisons: two in which the item made of denser material was in fact lighter, one in which the 
items had the same density (they were made of the same kind of material) although they differed 
in weight, and one in which the items had the same weight although they differed in density. For 
each of these four pairs, chiklren were asked: Is one object made of a heavier kind of material? If 
they thought one was, they were further asked to specify which one. At issue was whether 
children could ignore the absolute weight of the objects in making judgments about relative 
densities of materials. 

The pairwise ordering task was followed by a four object ordering task . The four objects to 
be ordered by weight and density were: a 1 cc steel cube, a 1 cc aluminum cube, a much larger 
and heavier aluminum cylinder, and a taller lucite cylinder (covered with blue contact) paper which 
weighed the same as the aluminum cylinder. The lucite cylinder was covered with blue contact 
paper so that children could not tell what kind of material it was made of. We wanted to test 
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whether children would • jalize it had to be made of a less dense material than the aluminum from 
the fact that it was the same weight but larger in size, and didnl want students to assume it must 
be least dense because it was the "lightest*' in color. This task was potentially more demanding in 
two ways: (1 ) children had to order a set of four objects by weight and then by density (not just 
two); and (2) children had to be able to infer the relative densities of two nfiaterials when 
presented with different size objects which weighed the same (not just infer relative densities 
from same size comparisons or relative dari<ness in color). 

As in the palrwise ordering task, we could identify certain critical comparisons (comparisons 
for which density and weight orders differed) in the four-object ordering task. These critical 
comparisons were: (1 ) the steel cube is made of a denser material than the aluminum cylinder, 
but the aluminum cylinder is heavier; (2) the steel cube is made of a denser material than the lucite 
cylinder, but the lucite cylinder is heavier; (3) the two objects made of aluminum have the same 
density, but different weights; (4) the lucite cylinder is made of a less dense material than the 
aluminum cylinder, but they weigh the same; and (5) the lucite cylinder is made of a less dense 
material than the aluminum cube, but weighs nfiore. 

Children's ordering patterns across both tasks were analyzed to determine whether they 
made any density intrusions on weight questions and any weight intrusions on density questions. 
All chikJren were correct on the weight questions (they were encouraged to check their answers 
with a balance scale) and they were credited with absolute weight judgments on these questions. 
Chiklren showed one of three patterns on the density questions: weight pattems (answering at 
least 7 of the 9 critical comparisons on the basis of absolute weight); density/weight pattems 
(answering at least 4 of the 9 critk:al comparisons on the basis of density and at least 1 of the 9 
critical comparisons on the basis of absolute weight); and density pattems (answering all of the 
critical comparisons on the basis of density. Children with weight pattems essentially made no 
distinction between the weight and density questions. Children with density/weight pattems 
made a beginning distinction. And children with density pattems made a clear distinction. 

2. Modeling. The four-object ordering task was followed by asking children to make a 
pencil/paper nnodel of the four objects in questton. In partteular, they were challenged to invent a 
way of depicting the size, weight, and density of the four objects and to explain their 
representation. At issue was whether children would represent weight and density as separate 
dimensions in their model and if they did so what kinds of code they would use for each. This is 
potentially the most demanding of the tasks in the series since it requires the child to reflect on 
concepts and represent them. 

All children managed to represent size as a distinct dimension in their models - hence this 
dimension is not considered further. Instead, children's models were scored for whether weight 
and density were represented as distinct dimensions. Some children managed to represent only 
one of these dimensions in their models. For some, this dimension was weight; for others it was 
density; and for still others it was a mixture of weight and density. All those children who 
represented only one dimension (for weight and density) were scored as making no clear 
distinction between weight and density in their models. Other children tried to represent two 
distinct dimensions, but in representing the density of the objects, in fact represented a mixture 
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of density/weight. These children were scored as beginning to distinguish the two dimensions in 
their nrxKlels. Finally, some children represented weight and density as distinct dimensions in 
their models. These children were scored as making a clear distinction between the two 
dimensions. 

The kinds of codes used for weight and density in chiklren's models were also analyzed. Of 
special interest was whether children used extensive codes for extensive dimensions like weight 
(e.g., number of dots), intensive codes for intensive dimensions like density (e.vi., shading or 
color intensity, or nunnber of dots/box) or neutral codes for thesa dimensions (e.g., an ordering, a 
summary number). This also relates to whether children's models captured the inten'elatedness 
as well as the distinctness of weight and density. In our grid and dots model, an intensive code is 
used for density (dots/box), and extensive codes are used for size and weight (total number of 
boxes, and total number of dots). Further, the relationship between weight and density is also 
directly represented since the weight of the object lalls out or the con-ect representatfon of its 
size and density. 

3. Adding material. In this task, children were questtoned to see whether they realized that 
g^isjjna a small piece of clay to a clay ball increased the anrx)unt of clay in the ball and the weight of 
the ball, but did not change the density of the ball. Justifications were also elicited for these 
judgments. Children were scored in terms of whether they made no distinctfon between the two 
types of questions in justifications and judgments (both increase, because nx)re is added), 
whether they made a beginning distinction (e.g., weight increases because more is added, not 
sure what happened to density, vacillated in judgments), or whether they made a clear distinction 
(e.g., weight increases because more is added, density is unchanged because it is still the same 
material). 

4. Sinking/floatina tasks. The sinking/floating tasks probed children's ability to use a 
concept of density in understanding sinking and floating. Children were allowed to do 
sinking/floating experiments with a small set of honwgeneous objects of different sizes and 
materials before being asked the questions in this set (there were large and small objects made of 
four different materials). We reasoned if students had a concept of density readily available, they 
might be able to use it to make sense of this experience. Their ability to use a concept of density 
in thinking about sinking and floating was assessed in two ways: in their predictions about what 
objects would sink or float, and in their inferences about the relative densities of objects from 
knowledge of their behavior in the water. 

There were two prediction problems. Children were initially shown a small (light) piece of 
wax which floated, and a larger (heavier) piece of aluminum which sank. They were then asked to 
predict whether a big piece of wax (bigger and heavier than the aluminum piece) would sink or 
float, and to predict whether a small piece of aluminum (smaller and lighter than the wax piece) 
would sink or float. In both problems, they were also asked to explain their predictions. No 
feedback was given for these problems (that is, children were not allowed to put the large wax or 
small aluminum in the water). At issue was whether children realized it was the relative density of 
material, not absolute weight of the object, that was relevant to sinking and floating. 
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The inference problem was presented as follows. Children were first shown three objects: 
a snnall (very light) piece of clay, a medium size object made of a mixture of wax and clay, and a 
larger (heavier) piece of wax (but not nearly as large as the piece of wax, used in the above 
problems). They weighed the three objects to determine that the wax piece was the heaviest 
followed by the clay/wax piece followed by the small clay piece. Then they put the three objects in 
the water and obsen/ed: the clay sank, the clay/wax floated, and the wax floated at the highest 
level. Their task was to order the objects by weight and by density. At issue is whether children 
wouW use information about sinking/floating behavior (rather than absolute weight) in inferring 
density. 

There were three pattems of response on the sink/float predictions & density inference 
problems: (1) density pattems; (2) material/weight pattems; and (3) weight pattems. Children 
credited with dfilisiljt pattems made predictfons about sinking and floating consistently on the 
basis of nriatenal kind and also correctly ordered the clay and wax by density. ChiWren with 
material/weight pattems generally ordered the clay and wax by weight (or a mixture of 
density/weight) rather than material kind. Some, however, were able to make predictions about 
sinking and floating consistently on the basis of material kind while others sometimes predicted on 
the basis of material kind and other times predicted on the basis of weight. ChiWren with weight 
pattems always predicted on the basis of weight and ordered on the basis of weight. 

5. Thftrmal Expansion. Children were also questioned about their understanding of the 
effects of thermal expansion on the quantities in question. In particular, they were shown how 
alcohol expands when a thermometer is placed in hot water (and contracts when placed in cold 
water), and they were questioned to see whether they understood that the amount of alcohol and 
the weight of the alcohol in the themiometer remained the same, but the density of alcohol in the 
thermometer changed. Again, justifications were elicited. Answers were scored for whether they 
made no distinction between weight and density questions (e.g., both increase with heating, 
because the liquid rises; or both stay the same because none has been added), whether they 
made a beginning, but incorrect distinction (e.g., the weight stays the same because nothing has 
been added, the density increases because the water rises; or the weight stays the same 
because nothing has been added; the density stays the same because it is still the same kind of 
material), and whether they made a clear and correct distinction (e.g., the weight stays the same 
because no alcohol has been added, but the density decreases because the alcohol has 
expanded, stretched out, etc.). 

Written test: overview. 

The written test also used a variety of tasks to determine whether children have a clear 
concept of density. These tasks involved having children make predictions about the relative 
weight of object pairs (galt/lidium task), predtotions about whether two objects could be made of 
the same kind of material (mvsterv material task), and predictions about whether objects would 
sink or float (sinkin(;i/flQating tasks). They also involved having children give a definition of the 
word ^•density", compijfe the •'density" of objects from knowledge of their volume and weight, and 
make judgments (and draw nrwdels) of what happens to the •'density** of a material when more of 
the same kind of material is added or when a fixed amount of the material expands with heating. 
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Like the clinical interview tasks, two tasks in the written test (the galt/lidiumtask and the ^ 
mystery material) probed children's understanding of density (and ability to distinguish weight 
from density) without requiring understanding of the word **density^ Unlike the clink:al interview 
tasks, however, they probed chiWren's understanding of density in different ways: by asking 
them to predk:t the relative weights of object pairs or asking whether two objects could be made of 
the kind of material, rather than asking them to order objects by the two different dimensions. At 
issue, then, is whether the two ways of assessing understanding of density produce comparable 
results. 

The written test was also like the clinical interview in having questions about understanding 
sinking/floating and the effects of adding material and thermal expansion on density. However, it 
probed students* understanding of these phenomena in different ways, and under different 
conditk3ns. On the written test, children's understanding of sinking and floating was assessed 
without letting them initially experiment with a set of objects; in additton their understanding of 
level of submergence was also probed explicitly. There were several differences in the ways that 
children's understanding of how adding material and thermal expansion affected density were 
probed. Rrst, in the written test, success on these tasks presupposed an understanding of the 
word ''densit/', and no attempt was made to teach that word in the test itself. Second, in the 
written test, children were only asked about density (not weight), and were asked to draw models 
which explained their judgment. Rnally, in the written test problems on adding material, a large 
amount of material was added (instead of a small piece). This may make the problem harder - 
because children nriay think that when only a small anx)unt is added, the density is essentially the 
same, but that when a large piece is added, the density changes. Thus the written test addition- 
transformation problem is perhaps a more stringent test of their understanding. 

Two tasks directly assessed children's knowledge of the word ''density*' in the written test: 
they were asked to define the word and to make explicit computations of "density". In the clinical 
interview children were introduced to the meaning of the word "density", but no such help was 
given in the written test (the written pretest always came before the first clinical interview). This 
allows us to assess their initial understanding of the word "density". 

Table 1 (next page) lists the main tasks used in both the clinical interview and written test. 

The written test: detailed description of tasks and scoring categories 

1 . The gntt and ltdium and mystery materials tasks . The gait and lidium task and the mystery 
materials task were scored as a unit to determine children's initial {evel of understanding of 
density. 

The first task on the written test was the gait and lidium task, it was used to assess student's 
conceptual understanding of the distinction between weight and density, but did not require 
verbal understanding of the word "density". The task began with a schematic drawing of two 
same-size objects made out of different materials. The object made of gatt was shown to weigh 3 
kg, while the object made of lidium was shown to be only 1 kg. Children were asked whether one ^ 
object was made of a heavier kind of material than the other. Then they were shown an outline of 
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TABLE 1. Comparison of Main Tasks In Clinical Interview and Written Test 

I. Tasks whfch cto not require an understanding of the word "density" or any previous 
experience with sinking/ftoating 

Clinical Intervifiw Written Test 

ORDERING GALT&LIDIUM 

MODELING MYSTERY MATERIALS 
ADDING MATERIAL 
THERMAL EXPANSION 
SINK/FLOAT 

II. Tasks which do require an understanding of the word "density" 

Clinical Inten/iew Written Test 

DEFINITION 
COMPUTATION 
ADDING MATERIAL 
THERMAL EXPANSION 

III. Tasks which require previous experience with sinking/floating 

Clinical Interview Written Test 

SINK/FLOAT 
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another size piece made of gait and were asked to draw the outline of a piece of lidium that would 
weigh the same as the gait piece. Finally, they were shown 5 additional pairs of objects made of 
gait and lidium, but of different sizes. Their task was to judge whether the object made of gait was 
heavier, the object made of lidium was heavier, or whether the two objects weighed the same. In 
all 5 comparisons, the students were tol j how many times bigger one object was than the other 
(and the drawings also represented size infoimation). In one case, the gait and lidium were the 
same size. In another case, the gait was two times larger than the lidium. And in three other 
cases, the lidium was bigger than the gait (two times, three times, and four times). 

The second task used to assess an ability to make a conceptual distinction between weight 
and density was the mvsterv matftrlals task. Again, this task did not use the word •'density". 
Instead, chiWren were shown four objects and given information about their sizes and weights: 
two were the same weight, but different sizes; two were the same size, but different weights; and 
two were the same weight per size unit but different overall weights. Students were asked: 
could any of these objects be made of the same material? This question was followed by four 
statements: (1) that objects A and B could be made of the same material because they were the 
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same weight, (2) that objects C and D could be made of the same material because they were r*e 
same size, (3) that objects A and C could be made of the same material because they were the 
same weight per size unit, and (4) that none of the objects could be made of the same material. 
Students were to circle all the statements with which they agreed. At issue was whether students 
would correctly distinguish between weight and weight per size unit in this context. 

Children's patterns of response on these problems were analyzed in two ways: one to 
determine whether they had a good qualitative understanding of densily and the other to 
determine whether they had a good quantitative understanding of density. 

Children were credited with a good qualitative understanding of density if they realized that 
the lidium had to be larger than the gait to be equal in weight (in the drawing task), judged that the 
two objects made of gait and lidium could be equal weight only when the object made of lidium 
was larger (in the judgments task), and judged that only the two objects that were the same weight 
per size unit coukJ be made of the sanf)e material (mystery materials task). These children cleariy 
can coordinate two distinct senses of weight in a problem solving task. They realize that objects 
made of a heavier and lighter kinds of materials can be equal in weight (gatt and lidium task) and 
that objects of equal density can differ in absolute weight (nrystery materials task). 

Some chikJren's responses reflected difficulty coordinating these t^o senses of weight. In 
the gait and lidium task, the most comnfx>n error was to draw (or judge) lidium as the same size as 
the gait when it was equal in weight. This pattern reflects suppresston of the generalization that 
gait is a heavier kind of material in solving these problems. In the mystery materials task, there 
were two kinds of errors: judging that objects coukJ be made of the same material if they were the 
same weight or same size (at times in addition to judgments that they could be the same material if 
they were the same weight per size unit), and judging that no objects couW be made of the same 
material. Again these reflect difficulties distinguishing two different senses of weight. 

Children who had consistent difficulty with all these problems were scored as using weight 
patterns; children who got some problems correct but others incon'ect were scored as using a 
weight/density concept; and children who got all the problems correct (on a qualitative level) were 
scored as using a density pattern. 

Children's response patterns on the gait and lidium task were also scored for their ability to 
think about density quantitatively (how many tim^s denser gait is than lidium). Children could show 
they had made this inference in three separate ways: (1) in their pattern of judgments (only 
judging the pieces to be equal weight when the lidium was exactly three times larger); (2) in their 
spontaneous drawings (making the lidium three times larger to be equal in weight); and (3) in their 
justifications of their judgments (explicitly saying that lidium has to be three times larger to be 
equal in weight). Four pattems were distinguished: no attempt at quantification, an incorrect 
quantification, an inconsistent quantification, and a consistent and correct quantification. 

Children were scored as showing consistent and connect quantification of density if their 
pattem of judgments was consistent with the assumption that a piece of lidium must be exactly 
three times bigger to weigh the same as a piece of gait. Their justifications and drawings also had 
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to be consistent with this quantification. Most typically, they also explicitly said that lidium must be 
3 times bigger to be equal in weight, and drew a piece of lidium three times bigger than a piece of 
gait. Many children even made size markings in their drawings showing they explicitly intended 
the lidium to be three times bigger. 

Children with inconsistent Quantifications invariably formed a 3x rule in at least one of the 
subtasks (drawing, judgments, or justiftoation). However, performance in another subtask was 
inconsistent with this rule. For example, the chiW might say or draw the lidium three times bigger 
to be equal in weight but then show a judgnrient pattern in whtoh it was two times bigger when rt 
weighed the same. 

Children with incon-ect quantificatiQns gave some evkience of formulating a rule, but it was 
not tho correct one. Most typically, these chikJren had a judgment pattern that was consistent with 
a belief that Ikiium had to be two times bigger than the gait to weigh the same, but they were 
vaguer in their justiffcations £.xl drawings. The systematicity of their judgments argued that they 
were establishing some cut-off point and making some attempt at quantiftoation. 

Chiklren who were scored as showing no quantification dkl not establish a clear cut-off point 
in their judgment^;, betow which size the gait was heavier than the lidium and above which point 
the lidium was heavier than the gait. Nor dkl they wake expltoit attempts at quantification in their 
drawings or words. 

2. Verbal task<5. Four tasks required understanding of the word "density** to be correct. 

a. Two tasks directly assess students* understanding of the word "density** (the 
fiompu^atlon and definition tasks), in the computation task, they were asked to compute the 
densities of objects given information about their sizes and weights. In the deflnitior) task, 
students were asked whether they had heard of the word **density** and to explain what they 
thought it meant. 

Children*s computations were scored as con-ect if they systematically inferred the density of 
a material by dividing weight by volume in four different objects. Children's definitions were 
scored for whether they thought density refen'ed to an extensive quantity (e.g., the amount of 
weight, the amount of material, the amount of space taken up), or whether they thought it refen-ed 
to an intensive quantity. There were two general ways chiklren tried to talk about it intensively: 
(1) by using a global adverb to define the intensive dinr^ension in question (e.g., how tightly 
packed or how smushed together \\\g material is) or (2) by relating an extensive quantity to a 
standard space (e.g.. the number of things in a box, how much mass in one area, weight units per 
size unit, how much packed in one place). In addition to these two clear categories, there were 
two categories characteristic of chiWren in transition from extensive to intensive definitions. In . 
one. chiklren begin to relate an extensive quantity to a space, but the spsce is not cleariy a 
standard (e.g., instead of simply talking about the weight, they begin to talk about the amount of 
weight (material, space) in something . These definitions were scored as "extensive ?** to indicate 
they were still extensive in nature but suggested some beginning awareness of the need to relate 
the weight to something in developing a definition. Jn the other transitional answer children 



18 Weight & Density 



combined talk of packing (an intensive aspect) with talk of how much is packed^ which seems more 
extensive (e.g., how nnuch weight, material, or hardness, is packed into the object). This was 
scored as "intensive?- because they weren't unambiguously intensive. Finally, some children's 
definitions resisted categorizatton into any of these four categories (equating density with 
toughness, empty space, depth, solidness, thfckness. hardness, gravity, width x length x weight, 
etc.). These were categorized as "other^. 

b. The other two tasks probed chikJrerfs understanding of how adding material and thermal 
expanston affected density. Rrst, chiWren were shown two beakers filled with the same kind of 
liqiikJ at the same temperature. One beaker had much wore in it. They were asked to connpare 
the densities of the material in both beakers and then draw a model explaining what they meant. 
Children were credited with a good understanding of this problem if they judged that the material 
in both beakers had the same density, and developed a model which was consistent with their 
judgment (e.g., depteted both liquids with the same shading intensity or same number of 
dots/box). 

Then chiWren were shown two beakers filled with the same anwunt of the same kind of 
liquid at the same temperature. They were told that the liquid in the second beaker was heated, 
and shown that the liqukl in the beaker rose to a higher level when heated. They were then asked 
to compare the density of liqukJ in the unheated beaker with the density of that in the heated 
beaker. ChiWren were credited with a good understanding if they judged that the Ikjuid in the 
heated beaker was less dense and developed a mouel whfch was consistent with their judgment 
(e.g., depicted the beaker with nx^re liquid as less intensively shaded or having fewer dots per 
box). 

3. Sinking/floatino probifims. Finally, there were two kinds of multiple choice problems 
about sinking and floating. One set of four problems faasic prediction prnhlfims) explored 
children's ability to make predictions about sinking and floating using knowledge of the kind of 
material an object was made of (rather than its weight) and using knowledge of the relationship 
among densities of the object and Ikiuid (rather than considering an object a sinker or floater 
independent of the liquid it is immersed in and rather than considering the relationships between 
the absolute weight of object and fluid). Children were credited with using a concept of density to 
understanding sinking and floating if they were correct on all four problems. 

The other problem probed their understanding of the phenomena of level of 
submergence, in partkxjiar, they were told a large iceberg floated with 9/10 of its bulk below 
water, and were asked if they could predict the sinking/floating behavior of a small piece of the 
iceberg. Chiklren were scored as showing an understanding of the phenomena of level of 
submergence if they were con^ct on this problem as well as the other four basic predictions 
problem. 
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The Teaching Intervention 

Overview 

The teaching was designed to promote students' understanding of the distinctness, and 
interrelatedness, of the concepts of density and weight. We did this by linking the density 
concept to specific real workJ phenomena. We emphasized density's role in the phenomena and 
its relationships to other dimensions via a series of computer-based nxKlels. 

Three units were developed. In the first unit (10 lessons) we were primarily concerned with 
students' differentiation of weight from density as it relates to material kind arxl sinking and floating 
phenomena. The second unit (6 lessons) was primarily concerned with appJying this concept in a 
different context, namely in connection with thermal expansion. The third unit (4 lessons) had 
students look at boats and objects made of a mixture of materials and introduced them to the idea 
of average density. More detailed descriptions of the lessons and wori<sheets are given in 
Appendix 2. Only the 7lh graders were givoh unit 3 and the results from that unit will be reported 
in a separate paper at a later date. 

Several guiding principles governed ourcuniculum devetopment efforts. Our first principle 
was to build on student preconceptions. Since our previous research had suggested that 
students had a clear understanding of the intensive nature of material kind, we decided to begin 
by considering situations where density could be viewed as an invariant property of material kinds. 
Further, since many students had intuitions about the relevance of material kind to sinking/floating 
phenomena, we began by considering a limited range of objects (bulky objects made of 
homogeneous materials), to altow them to distinguish predfctlons made on the basis of weigh; 
from predictions made on the basis of the density of material kind. Only subsequently did we 
wove on to the phenonr^ena of thermal expansion. Not only did we plan our cunriculum efforts with 
student frameworics in mind; we also conducted teaching in such a way as to make students 
aware of their frameworics - having them confront and evaluate their ideas often in the context of 
a challenging problem. 

The second principle was to wove students from a qualitative understanding of a particular 
phenomenon to a more quantitative understanding. So, for example, students might first note 
that steel is denser than aluminum and aluminum is denser than wood, without being asked *'how 
much denser^. Only later woukJ they wori< out that steol is approximately three times denser than 
aluminum, and aluminum approximately four times denser than the particular kind of wood we 
gave them. Similariy, when exploring sinking/floating phenon>ena, students are first challenged 
to discuss the qualitative mle: objects sink if made of a material more dense than the liquid in 
whfch they are immersed, and float if made of a material less dense than the liquid. Only later, are 
they challenged with the problem of predicting the level of submergeiice at which an object will 
float. Rnally, in presenting thermal expansion, students are first encouraged to reason 
qualitatively - if an object has the same weight spread over a larger area, it must be less dense - 
and only later, are asked to wonry about quantitative details. 

A third principle was to use a modeling approach to develop student understandings. This 
entailed: (1) starting by presenting students with a puzzling phenomenon; (2) asking them to 
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constmct models of the phenomennon; (3) presenting suitable and appropriate models .0 
students; (4) implementing the models on the computer and allowing them to explore 
consequences of the models; (5) relating the computer nrxxlels to real world phenomena and (5) 
discussing the process of modeling as a part of science. 

Some of the points about nxxlels that we include in the first unit are: that nxxJels can be 
used as thinking tools; that it is important for nrxxlels to be consistent with real world phenomena; 
and that one can have nfwre than one model consistent with a single phenomenon. Our second 
unit devotes even more attention to getting students to reflect on the uses and nature of models. 
An additfonal theme we develop in this unit is that models can be revised to account for new 
phenomena (in this case thermal expansion) and that models need to be evaluated in terms of the 
range of problem they can help solve. Throughout the cuniculum student nx>de!s are not 
considered wrong. Rather we work with students to discover the strengths and limits of models, 
theirs as well as ours. It is important in our curriculum that we actually present nrxjitlple computer 
models and revise them in light of new phenomena encountered. Thus, the laught** models are 
no more sacred than the students*. 

The computer progfams 

The corrputer programs offered a range of features in terms of the phenomena covered 
and the presentation of different models and simulations. These features will be briefly discussed 
here, but are more fully described in Appendix 3. 

The phenomena covered in Units 1 and 2 were: (1) weight, size, and density of objects 
made of different materials presented; (2) sinking and floating phenomena including level of 
submergence; and (3) thermal expanston phenomena depicting the distribution of weight before 
and after heating an object made of a given material. 

The different programs can be thought of as a progression of models. In our basic •'grid and 
dots* rrxKlel, each box stands for a standard unit of volume (size unit), each dot stands for a 
weight unit, and the number of dots per box con-esponds to the density. Material kind is 
represented in two ways: by the color of the material (orange, blue, green, etc.) and by the 
density of the material (green material has 1 dot/box. purple 2 dots/box. and so on). When 
students build an object, they first select the kind of buikJing bkx:k (material) they will use. and 
then determine the number of building blocks used. Students can thus build objects and explore 
consequences of adding and removing material. They can count the number of boxes to 
determine an object's size, count the number of dots to determine its weight, and count the dots 
per box to determine its density. Altematively. they can request specifte data about an object they 
have constructed; the corrputer displays the data requested and automatically adjusts the data as 
the student changes the object. 

The second model ii; the sink/ftoat n\ode\ whk:h situates objects represented in the first way 
In the context of sinking/floating. Using this program, students can do simulations of sinking and 
floating experiments. They can construct the object they want to use in the experiment (selecting 
its size and density), select the kind of Ikjuid they v/ant to use in the experiment (the amount of 
liquW in the container is always fixed), request data about the size, weight, and density of the 
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object and liquid, and perform the experiment. Students are challenged to discover the mie the 
computer uses to determine if the object will sink or float in a given liquid - a mIe based on the 
relative densities of object and IkjuirJ, that Is consistent with reality. Students can also make 
discoveries about level of submergence. 

The third program offers two different models for thermal expanston. The lirst nxxlel is like 
the basic grid and dots nxxJel, except the indivWual boxes get bigger when ihe material is heated. 
Thus, the chikl can see that tho same amount of weight is now distributed in a larger volume. This 
is basfcally a revision of the first -grid and dots" nxxlel. In this reviston, dots per box still stands for 
material kind, but no longer stands for density since the size of the boxes is not constant. This 
nwtivates a discusston of the need for standard units. The second nxxlel retums to standard 
units and Is nx>re "atomlstk;- in flavor. It represents material kind by dots per circle, but shows the 
cirdes some distance apart (connected by squiggles). With heating, the circles stay the same 
s^7e, but move further apart. 

The advantages of using computer-based rather than hand-drawn models include: (1) 
students can interact with the nxxlels and see the consequences in the represertaiion (e.g., 
what happens to density when one adds or removes material): (2) students can interact with the 
models and try to discover the rules embodied in them (e.g., the formula for density in the Weight 
and Density program, a rule for predating whether objects will sink or float and their level of 
submergence in the Sink tht Raft program); and (3) students can begin to link nxiltiple 
representations for the same situatfon (real worid cartoons, a grid and dots conceptual 
representatton, data representations). 

Real WorkJ Materials 

Throughout the lessons, students worthed with a variety of hands-on activities and saw a 
variety of denxDnstrations. They were then asked to explore these situatfons, discover 
regularities, and try to nrxxlel these situatfons. The kinds of real worid materials we used included: 
(1) a set of objects made of different materials (in different sizei, lor doing sink/ftoat experiments 
with waten (2) same-size vessels of oil, water, clay, etc. for purposes of comparing densities; (3) a 
set of 1 cc steel and aluminum cubes, so that objects could be ronstmcted of different numbers 
of cubes, and children could see how many aluminum cubes equalled one steel cube in weight; 
(4) a similar set of wood and aluminum rods; (5) brass ball and ring, for denrK)n$trating thermal 
expansion; (6) denx)nstratfon showing the change in density oi water with heating; and (7) a 
demonstration showing that an object which ftoats in cold water, sinks in warm water. 



RESULTS 

In reporting results, we first consider the picture of conceptual change which emerged from 
analyses of the clinical inten/iew. We next consider how the same group of children responded 
on the written test. Rnally, we consider the performance of children who received only th; written 
test. 
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The Clinical Interview 

There were five tasks in the clinical interview which assessed children's capacity to 
distinguish between weight and density: the ordering tasks, the nx)deling task, the adding 
niaterial task, the sink/ftoat tasks, and the thermal expansion task. In each task, three levels of 
understanding of density were distinguished: (1) making no distinction between weight and 
density (i.e. pure weight patterns); (2) making a beginning, but uncertain distinctksn between 
v^'eight and density (i.e, weight/density or weight/material pattems) and (3) making a clear 
distinction between weight and density (i.e., weight pattems on weight questions and density 
pattems on density questions). 

The first important result is that children's responses across the different tasks were highly 
correlated. Hence one could identify three levels of understanding density, based on children's 
pattern of performance across the five tasks. At the sanne time, certain tasks were nx^re difficult 
than others, allowing us to form subgroups within levels. In particular, the nx)deling task was rwre 
difficult than the ordering task, altowing us to form two subgroups within the level of 
weight/density lack of differentiation. And the thermal expansion task was the mos\ difficult of all, 
allowing us to form two subgroups within the level of weight/density differentiation. 

Table 2 (next page) shows the main pattems of responding that we observed across the 
five tasks, and their organization into levels and sublevels. In reporting the results, we shall first 
describe each level or sublevel and the/i discuss how chiklren moved through these different 
levels from the pretest to the posttests. 

Description of tfie levels of understanding the distinction between density and weigtn. 

1 . Level 1 : Density Absent (Absolute Weight). The first level involved making no distinction 
among the weight and density questions across all the tasks. Only two children scored at this 
level. These children essentially ordered the objects by absolute weight for both the weight and 
density questions. When asked to model the objects they had ordered, they either represented 
only the wr ;ght of the objects or failed to model any dimensfon at all. These children knew that 
adding more clay to a ball of clay would make it heavier (although one thought much more clay was 
needed to make it heavier): however, they thought adding changed the heaviness of the kind of 
material as well. Taken together, these children give evidence of simply using a notion of 
absolute weight in answering these questions; the notion of heavy for size is not used at all. 

These children go on to be quite confused by the sinking/floating and thermal expansion 
phenomena as well. In reasoning about thermal phenomena, one child could articulate no 
justifications for her answers and was judged to be guessing. The other treated the density of 
alcohol extensively, as varying with the anwunt of alcohol. Both children failed to use knowledge 
of an object's sinking or floating behavior in making inferences about the density of material 
(instead they used knowledge of absolute weight). One child also used absolute weight in 
making predictions about whether something would sink or float, while the other focused on kind 
of material. 
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TkBLE 2 

Fiv« Lav^is off Undarstanding Daomsity: 
Tha Clinical Intarviaw 



TYPE OF TASK 



PATTERN ON TASK 



Ordering 



Modeling 



Adding 
Material 
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Thermal 
Expansion 
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LEVEL OF 
UNDERSTANDING 
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Weight 



Weight 
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Beginning 
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No 
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Beginning 
distinction 
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Beginning 
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or Clear 
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Material/ 
Weight 
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2. Level Pa: Strong Weight/Density Lack of Differentiation. At the next level, children are 
beginning to make a distinctton between weight and density on the ordering tasks, but their 
understanding of this distinctton is at best fragile as evklenced by their failure to represent or talk 
about this distinctton in the nrxKleling task, their failure to make any distinction between weight 
and density in the adding material or thermal expanston tasks, and their confuston of these 
dimensions in thinking about sinking and ftoatmg. 

More specifically, these children are beginning to make some distinction between weight 
and density in the ordering tasks. They correctly order objects by absolute weight (at least when a 
balance scale is available and they are encouraged to use it before making a final Veight** 
judgment). Further, in ordering objects by -density^ they do not rely simply on the object's 
absolute weight, but go back and forth between different criteria (an object's heaviness, its 
heaviness for size, its kind of material). Thus, although they have not yet clearly articulated a 
separate dimenston of density, they are beginning to arttoulate a dimension of density/weighL 

There are several ways such a chiW might go about ordering objects by -density.** The child 
might begin by comparing the same size steel and aluminum cube and judge the steel to be 
denser (using either a notton of heavy for size, or absolute weight). Then the chiW might put the 
large aluminum cylinder with the small aluminum cube (ignoring the weight differences and 
focusing on the sameness of kind of material). Rnally, the child might put the large lucite cylinder 
with the two aluminum objects (perhaps even concluding the mystery material is aluminum, 
because it is the same absolute weight as the smaller aluminum cylinder). 

Alternatively, the child might first compare the same weight iucite and aluminum cylinders 
and correctly conclude the aluminum is denser than the lucite (using a notion of heavy for size); 
then compare the 1 cc steel and aluminum cubes and correctly conclude that the steel is denser 
{using either a notton of heavy or heavy for size), but fail to place the two aluminums together. 
Such a chikJ produces an overall order of (from densest to least dense): the large aluminum 
cylinder, the large lucite cylinder, the small steel cube and the small aluminum cube. Such an 
order seemed in part a result of making two separate comparisons, not a conscious attempt to 
produce an overall order. Before we accepted this as the child's final order, then, we would 
explfcitly draw the chikJ's attentfon to his overall order by saying: -so you mean, this is the object 
made of the densest material, this is the next densest, this the next densest," etc. If the child left 
the above mentioned order after the probe, we concluded the child had some absolute weight 
intrustons in his or her order, having placed the lucite as denser than the steel and the large 
aluminum as denser than the small aluminum. Occasionally, children correctly ordered the objects 
by density, but made weight intrusions on some of the pairwise comparisons (e.g., when shown a 
large piece of aluminum whtoh was heavier than a small piece of steel, they concluded the 
aluminum was the heavier kind of material because it was heavier). 

Although these children showed some beginning distinction between weight and density 
in the ordering tasks, they were able to represent only one dimension when asked to model the 
weight and density of objects of these same objects. For some the dimension represented was 
the absolute weight. For others, the dimension represented was either "density/weighr (e.g., 
the lucite was grouped with the two aluminums, and the steel was the densest) or "density" (the 
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steel object was represented as the densest, followed by the two different size aluminum objects 
which were rGpresented as having the same density, followed by the ludte). In either case, they 
interpreted this dimension as both weight and density, in response to specific interviewer probes 
(e.g., if they initially described the dimension as "density", the interview asked, have you 
represented the Veight" in your drawing? and students would comment that they had - the 
same code stood for the weight). Thus, although these children give evidence of having two 
senses of weight available in the ordering task, they give little indication of realizing that these two 
senses define different concepts. At the time of pretest and first posttest, the most common 
code children use for this dimension was an intensity shading code. 

Children's performance on the other three tasks also reveals confusions about the 
distinction t>etween density and weight. These children uniformly have material/weight patterns 
on the sinking and ftoating problems. On the addition-transformation problems, these children at 
best make only a beginning distinction between the questions (being clear on one problem and 
vacillating on the other). For example, they might initially judge that the weight has increased 
when a snnall piece has been added, but when justifying their answer switch and say that the 
weight is stili the same because the piece still sinks. They then go on and judge the density as still 
the same because it is the same material. Many of these children fail entirely to cfistinguish the two 
questions: they say both the weight of the ball and the density of the clay increases because 
more has been added. Similarly, on the thermal expansion problems, these children frequently 
make no distinction between questions about weight and density fudging that both the weight 
and density of the alcohol in the thermometer has increased when the temperature rises because 
the ateohol has risen in the thermometer). At best, they make only a beginning, but incorrect 
distincl^on on the thermal expansion problems (e.g., the weight is the same because no alcohol 
has been added, but the density has increased because the temperature has increased the 
alcohol level ha5> risen). [Note: Those children who scored as making a beginning distinction on 
the adding materia! problenns are no more likely to be making a beginning distinction on the 
thermal expansion probtenis than those scored as no distinction; this is one reason we lumped 
these categories together.] 

Rnally, many of these children (as well as the level 1 children) reveal a less sophisticated 
way of thinking about weight itself in their pattems. In particular, their notion of weight seems 
more perceptually bound than tied to an underlying matter theory. Thus, a number of these 
children judge that one needs to add a large piece of clay to a clay ball in order to make it heavier, a 
small piece won1 change the weight. In addition, these children typically think that the alcohol in 
the thermometer weighs more when it rises, because it looks larger. More sophisticated children 
say that all matter has weight, thus even a small piece changes the weight of an object. Similariy, 
they note that the alcohol is enclosed and nothing has been added when it expands; hence, 
they argue it still must weigh the same because there is the same amount of alcohol. 

3. Level 2b : Transitional Weight/Density. Lack of Differentiation. These children still have 
not clearly differentiated weight from density. This lack of differentiation is reflected in numerous 
ways: in their ordering pattems, in their models, in their predictions about sinking and floating, 
and in reasoning about transformations (especially thermal expansion). However, based on their 
performance in the modeling task, these children show greater awareness than level 2a children 
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that there are two distinct dimensions. Further, a number of these children even make a clear 
distinction between weight and density when reasoning about the effects of adding material. 
Rnally, these children think about weight in a more sophisticated way than the level 1 and level 2a 
children. Thus, they are more prepared to make the differentiation between weight and density 
than the other children. 

More specifically, these children are beginning to distinguish weight and density in their 
ordering patterns. They order objects correctly by absolute weight (with the help of a balance 
scale) for the weight questions, and then show weight/density patterns when ordering by density. 
The specific types of patterns they show when ordering by density are similar to those of the level 
2 children (described above). That is, they might group the lucite cylinder and the two aluminum 
pieces together (as being of the same density but less dense than the steel) or they might make 
some errors in the paiiwise comparisons, occasionally judging a heavier object to be made of a 
heavier kind of material. 

In addition, all these children show awareness that two dimensions are called for in their 
models. However, the dimensions they represent are *\veighr and "density/weighr - the 
second dimension has not been fully freed from weight. Nonetheless, they talk about them as 
distinct dimensions, and thus show some insight that two distinct concepts are needed. In the 
pretest, they frequently draw separate models for each dimension - for example, two different 
orderings of objects, two separate pictures of objects in some physical situation (on scales, in 
water), two different relative fullness codes. Thus, although these children are working to see 
these dimensions as distinct, they do not see them as interrelated. In the posttests, children were 
more apt to draw one model, but still the representation for weight and density was not intrinsically 
related: for example, an intensity shading code for '*density/weight^ and numeric values for 
weight*. 

A further indication of these children's beginning awareness of weight and density as distinct 
dimensions comes from their performance on the addition-transformation and thermal expansion 
problems. All are quite clear that adding even a small piece of clay will make something weigh 
more, and most believe that the weight of the alcohol remains the same when it expands. Thus, 
they give more evidence of tying their notion of weight to a matter theory. Further, at least half 
make a clear distinction between weight and density on the adding material problems: arguing that 
adding material char :;es weight but not density, because it is still the same kind of material. 

Evidence that these children still do not tirmly grasp the distinction between weight and 
density comes from their responses on the sinking and floating tasks and problems about thermal 
expansion. These children still typically have material/weight patterns on the sinking and floating 
problems, and many make no distinction between weight and density when reasoning about 
thermal expansion. Thus, although they argue that the weight is the same because no alcohol has 
been added, they also maintain that the density is the same because nothing has been added. 

4. Level 3a : Density/Material Kind. These children are capable of making a clear distinction 
between weight and density, for the problems where density covaries with material kind (ordering, 
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modeling, sinking and floating, adding material). However, they do not yet understand what 
happens to weight and density in thermal expansion. 

Children credited with these patterns are now perfect in ordering the items by weight and 
density (for both the pairwise comparisons and the 4-object ordering task). They also typically 
represent two distinct dimensions in their nrxxJels, know that adding a small piece changes the 
weight of the object but rwt the density of the material, and can use a notion of density to 
organize their understanding of sinking and floating. 

However, these children are quite confused about the themrial expansion questions. 
Sometimes (especially on the pretest) they lapsed into nriaking no distinction between weight and 
density at all. In these cases, they might judge that the weight and density of the expanded 
alcohol was the same because nothing had been added. Or they might judge that both had been 
lessened because the alcohol had been stretched [Note: this kind of argument is observed only 
among children who give evidence of making a distinction between weight and density in other 
tasks]. More typically, however, they made a distinction but an incon'ect one between weight and 
density. A common argument (especially by the time of the posttest) is that the weighi is still the 
same because nothing had been added, and the density is still the same because it is still the 
same material. This ref feds mastery of the principle that density remains invariant with material 
kind, a kind of argument fostered in the first unit. Another pattern is to judge that the weight is the 
same because nothing has been added, and the density has increased because the alcohol level 
has risen. 

The kinds of codes children used for weight and density were not used to classify them as a 
level 3a pattern. Nonetheless, it is interesting to note that the kinds of codes they used at the 
time of both the pretest and posttest were quite limited. Some used the same kind of code for 
both dimensions, thus failing to capture differences between intensive and extensive quantities 
in their code (for example, an intensity shading code for density, and a different intensity shading 
code for weight which correctly depicted the weight ordering of the objects). Few were able to 
invent or use a code which showed the relationships between quantities even at the time of the 
posttest. That is, their representation of size and density did not allow one to detennine the 
weight of objects. 

5. Level 3b: Density. These children not only distinguish between weight and density 
when density covaries with material kind, but also maintain their understanding of the distinction in 
thinking about themial expansion. In justifying their answers to what happens to the weight and 
density of alcohol in the themnometer, they most commonly noted that the weight of the alcohol 
was still the same because none had been added, while the density had lessened because the 
alcohol had -stretched\ ••expanded^ ^hinned^ •'spread out^ It should be noted that these were 
the kinds of words chosen by the children; atomistic schema were typically not invoked. 

At the time of the pretest, the few children who showed this pattern were able to represent 
weight and density as distinct dimensions in their models, but did not capture the interrelation 
among these dimensions in their models. By the time of the 2nd posttest, however, these 
children (with one exception) had all assimilated the grid and dots model, a nrK)del which gives 
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them a way of representing the relationships as well as the distinctness of size, weight, and 
density. 

Summary. Taken together these levels represent different steps in the acquisition of the 
distinction between weight and density. Initially, children use only absolute weight. Then they 
begin to have two senses of weight, but doni clearly see them as distinct dimensions, defining 
different concepts. As they become ready to make the differentiation, they show a clearer 
understanding of weight within a matter theory and are beginning to represent two dimensions in 
their models. Finally, they are able to nfiake a clear distinction between weight and density. 
However, they first understand the intensive aspect of density for problems where density 
covaries with material kind; only later do they extend their understanding (using •'stretching" 
schemas) to understand thermal expansion. 

Shifts in children's understanding from pretests to posttests. 

Children's pattems on the entire clintoal interview were analyzed, according to these levels. 
Children were credfted with a certain level if they confomned to the specified criteria for each of the 
five tasks. In certain cases, children were also assigned to a pattem if they departed from its 
specification on only one task. The only time that such departures were comnwn was on levels 3a 
and b (the density level) in the pretest. There it was common for children to make minor errors on 
one of three tasko (modeling, addition-transformation, sink/float), but to be connect on others as 
well as on the ordering tasks. Since it varied from child to child on which task the errors occun-ed, 
and since they made only one slip, assigning them to the density category seemed to capture the 
bulk of their responding. By the time of the posttests, most children assigned to the density 
categories were perfect across all four tasks. 

Children who made more than 2 departures from a pattem (or one very significant 
departure) were put in the category of •'other. No child vyas in the other category at the time of 
the pretest. And only 2 were so scored in each of the posttests. Thus, the responding of the 
majority of children in the clinical interview hangs together in organized pattems. Further, these 
pattems are respected as they make progress as a result of teaching, suggesting that the 
teaching is producing underlying conceptual changes and not simply rote leaming. 

Table 3 (next page) shows how children's level of responding changed from the pretest to 
posttests 1 and 2. At the time of the pretest, chiWren ranged across the different levels, but the 
majority (63%) were in levels 1 and 2, and did not yet cleariy differentiate weight and density. 
After the first teaching unit (posttest 1), the majority (66%) had reached level 3, thus giving 
evidence of cleariy differentiating weight and density. Most of these children showed the pattern 
of understanding density when it covaried with material kind (level 3a), but not in the thermal 
expansion problems (level 3b). The second teaching unit on thermal expansion had its main 
effect in nwving students to an understanding of density not tied to material kind. Thus, in 
posttest 2 students maintained their capacity to differentiate weight and density (70% had one of 
the two density pattems), and the majority of these children were able to move to an 
understanding of thermal expansion as well. 
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TABLE 3. Clinical Interview: Percent of Students Showing a Given Level of 
Understanding on Pretest and Posttests 



Time of Testing 



Level of Un derstanding 



Pretest 

Posttesti 

Posttest2 



other 


WtM^ 


W/D(2a) 


WD(2b) 


DsniM 


DenfSb) 


0 


9% 


27% 


27% 


23% 


14% 


10% 


0 


14% 


10% 


52% 


14% 


10% 


5% 


5% 


10% 


23% 


47% 



A finer-grained analysis of the movement among levels from test to test is provided in Table 
4 and Table 5 (next page). These data provide further confirmation of the orderly nature of 
children's progression among levels. When students change, they typically move to the level (or 
sublevel) one higher than the one they were in. Indeed, only two clear regressions were 
observed at any point: both occun^d between the pretest and posttesM where two children at 
level 3b (density patterns) at the pretest regressed to level 3a (density/material kind pattems) by 
posttest 1. Given that unrl 1 stressed the relationship between density and material kind, their 
confusion on the thermal expansion problems is understandable. Both children went back to 
level 3b by posttest 2. Three other children moved to a pattern of responding across the five 
tasks which did not neatly fit the categorization scheme ("other" pattems). Significantly, all three 



TABLE 4. Clinical Interview: Comparison of Level of Understanding on Pretest 
and Posttest 1 



Pretest Level Level of und erstanding in Posttest 1 





Other 


WUI) 


W/D(2al 


W/Df2b) 


DenOa) 


Denf3b^ 


Wt(1) 


1 


0 


1 


0 


0 


0 


W/D(2a) 


1 


0 


2 


1 


1 


0 


W/D(2b) 


0 


0 


0 


1 


4 


1 


Den(3a) 


0 


0 


0 


0 


4 


1 


Den(3b) 


0 


0 


0 


0 


2 


1 
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TABLE 5. Clinical Interview: Comparison of Level of Understanding on 
Posttest 1 and Posttest 2 



Pretest 1 Level Level of Understanding in Posttest 2 





Other 


Wtd) 


other 


1 


1 


Wl(1) 


0 


c 


W/D(2a) 


1 


0 


W/D{2b) 


0 


0 


Den(3a) 


0 


0 


Den (3b) 


0 


0 



MDieal W/D(2b) QsnlM ri^nc^h) 



0 0 0 0 

0 0 0 0 

0 10 0 

1110 
0 0 3 7 

0 0 0 3 



children were ones who had begun with lower levels of understanding (levels 1 or 2a). Their 
"othar^ patterns showed uneven performance on the posttest, and may be a sign of "rote" 
learning on one task rather than integrated conceptual responding. 

Written Test Results (Group 1): Students Who Received Clinical Interviews 

These same children also received a written group-administered test We could not assign 
one global score to the written test (as we did for the clinical inten/iew) since some tasks on the 
written test required understanding of the word -density" and some did not. At the time of the 
pretest, some students gave evidence of being able to make a distinction between weight and 
density even though they did not know the meaning of the word -density^ By the time of the 
posttest, however, the two types of tasks ware more likely to hang together. Thus, we present 
the results for these two kinds of tasks (density ncnverbally assessed and verbally assessed) 
separately. The sink/float tasks are also presented with the verbal tasks, since they presupposed 
some familiarity with the phenomena. At the time of the pretest, students may not have had such 
familiarity. 

Basic understanding of fhe distinction between weight and density 

ChiWren's pattem of performance on the gait and lidium task and the mystery materials task 
was used to assess their understanding of the distinction between weight and density. In one 
task (the gait and Ikiium task), they had to predtot the weights of different size pieces of gatt and 
lidium from knowledge of the weights of two pieces of gait and lidium that were the same size. In 
the other task (the mystery materials task), they had to infer whether two objects could be made of 
the same material from knowledge of the sizes and weights of the objects. Each task called for 
children to simultaneously co-ordinate knowledge of size, weight, and density in solving a 
problem. 
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Qualitative distincttons. Children's performance on these tasks was first scored to assess 
their qualitative understanding of the distinction l)etween weight and density. If children 
consistently coordinated their knowledge of size, weight, and density in all the problems they 
were credited with having a differentiated concept of density . If they were con-ect on some 
problems, but also sometinfies lapsed into using onty one sense of weight, they were scored as 
having density/weight lack of differentiatton patterns. And if they consistently used only the 
notion of absolute weight on all the problems, they were scored as weight pattems. 

Table 6 shows the percentage of students who have weight, density/weight, and density 
pattems on the written test at three different times of testing. At the time of the pretest, chiWren 
were rather evenly split between those who had density/weight pattems and those who had 
density pattems (weight pattems are always quite infrequent). By the time of the posttest 1 . the 
balance had shifted: the majority of chiWren had clear density pattems. Posttest 2 saw some 
slight regressfons, but a sizeable group still showed a good grasp of the distinction between 
weight and density. 



TABLE 6. Comparison of Written Test and Clinical Interview: Percent of 

Students at Each Level of Understanding on Pretest and Posttests 



Time of Test Level on Written T^gt Level on Clinical Interview Percent 





JflL 


W/D 


JI. 




JflL 


W/D 


JD- 


Agregment 


Pretest 


5% 


50% 


45% 




9% 


56% 


37% 


77% 


Posttest 1 


0 


23% 


77% 


10% 


0 


24% 


66% 


71% 


Posttest 2 


5% 


33% 


62% 


10% 


5% 


15% 


70% 


57% 



Table 6 also compares the picture of conceptual change which emerges from the written 
test with that produced from the clinfcal interview (grouping children just in the three main levels of 
understanding, analogous to those used in the written test). The percentage agreement in 
categorization between both measures was tabulated. 

This analysis revealed that there was a high level of agreement between both classifications 
at the time of the pretest and the first posttest. In both cases, the written test produces higher 
estimates of those who understand density than the clinteal interview. Given that the pattems in 
the clinical interview were based on much rnore intensive probing of children and wider range of 
items, we conclude that the w.''itten test is slightly over-estimating understanding of density. By 
the time of the 2nd posttest, there is less agreement between both assessments. The clinical 
interview reveals strong understanding of density, but performance has flagged on the written 
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test. We think that repeated use of the same written measure may have led some students to be 
more careless at the time of the 2nd testing. All in all» then, the written test has some capacity to 
detect the kinds of pattems we uncovered in the clinical interview, but seems a bit less reliable. 
Some revisfons to the written test might improve K on this score. 

Quantitative understanding^. Children's judgments on the galt/lidium problems were 
scored in another way to assess their ability to think quantitativety about relative density. In 
partfcular» we examined whether chikJren were able to infer that gait was three times denser than 
IWium (from knowledge that one piece of gait weighed 3 kg and another piece of lidium the same 
size weighed 1 kg). Four levels of quantiffcation were kJentified based on children's pattern of 
perfomiance across drawings, judgments, and justifications : (1) no attempt at quantification; (2) 
incon^ect quantification (e.g.. about 2x); (3) inconsistent quantification (e.g.. sometimes 3x and 
sometimes 2x); and (4) connect and consistent quantification. 

Table 7 shows the changes in the percentage of students in each of these categories from 
the pretest to the posttests. As can be seen, there is a strong improvement in the ability to infer 
the correct quantitative relations from the pretest through to the second posttest. At the time of 
the pretest, only a few students (27%) consistently make the correct quantitative inference; while 
at the time of the second posttest the majority (57%) do. 



TABLE 7. Written Test (Group 1) Percent of Students with Different 

Quantification Patterns on the Gait and Lidium Task on Pretest and 
Posttests 



Time of Testing Quantification Pattern 





No Quant. 


Incorrect 


Inconsistent 


Correct 


Pretest 


27% 


32% 


14% 


27% 


Posttest 1 


14% 


14% 


32% 


40% 


Posttest 2 


19% 


14% 


14% 


53% 



Children with weight pattems make no attempt to think quantitatively about density. Many 
children with density/weight pattems were beginning to make some quantitative inferences, but 
these inferences were typically either incon-ect or inconsistent. Finally, the majority of children 
with density pattems were able to think consistently and correctly about density (at least by the 
time of the 2nd posttest). 
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Performance on verbal tasks and sink/float problems. 

In this analysis, children were grouped by their level of understanding of the distinction 
toetween weight and density (as assessed on the galt/lidium and mystery material problems in the 
written test). Then their percent con'ect on the verbal tasks and the sink/float problerre was 
coHTiputed. This analysis was done three times: at the time of the pretest, posttest 1 , and 
posttest 2 (see Table 8, next page). 

At the time of the pretest, few children were con'ect on the verba! tasks and sink/float 
problems, regardless of their level of understanding of density. Although virtually all the children 
had encountered the word "density" before, most had incorrectly or incompletely mapped its 
meaning. Spontaneous definitions were analyzed and assigned to one of five categories: (1) 
extensive; (2) extensive?; (3) intensive?; (4) intensive; and (5) other. Table 9 (page 34) reveals 
that at the time of the pretest, nx)st chiklren gave extensive definitions or leaned in that direction 
(e.g., it's the weight of an object, the volume of an object, or the amount of weight in an object). 
The poor perfomiance on the sink/float predictions at the tlnie of the pretest also indicates that 
children need sonoe experience to abstract a generalization focusing on kind of material rather 
than weight. 

By the time of the posttests, however, children are beginning to show more organized 
patterns of responding depending upon their level of understanding of density. In particular, 
children who give evidence of making a conceptual distinction between weight and density (on 
the gait and Sdium and mystery materials problems), perfomi at high levels on the verbal and 
sink/float tasks. In contrast, chikJren with weight/densfty patterns on the g^tt/lidium and mystery 
materials problems perform much more pooriy on the verbal and sink/float tasks. The one 
exception (for this latter group) is the vert^al computation problem. All students (regardless of 
level of understanding) do quite well on this type of problem « perhaps an indication that 
computational formulas can be memorized even if they are not understood. 

Significantly, students who give evidence of. making a distinction between weight and 
density improve on the verbal thermal expansion problem at the time of the first posttest, even 
though thermal expansion has not been explicitly taught. This is another Indication that the 
students with density patterns are genuinely making a conceptual distinction between weight and 
density (and not just memorizing certain answers). While many of these students are still 
confused about thermal expansion (they give an Incorrect answer on the clinical inten/iew version 
of the thermal expansion problem focusing on the Invariance of density with material kind), it 
seems that by the time of posttest 1 these students have several schemes available for thinking 
about thermal expansion (the thinning schenw, and the Invariance with ntaterial kind scheme). 
After instruction (posttest 2), these chlWren come to be consistently correct on these problems in 
both the written test and clinical inten/iew. 

Conclusions . The written test was useful in diagnosing children's level of understanding of 
the distinction between weight and density. Although the written test was quite different from the 
clinical interview, the two instalments had a fairiy high level of agreement, at least for the pretest 
and first posttest. Thus, each of these test instruments was capable of detecting conceptual 
change in studerrts from the pretests to the posttests. Given that the type of change obsen/ed 
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TABLE 8. Written Test (Group 1) Percent of Students Correct on the Verbal 
and Sink/Float Questions as a Function of Level of Understanding 
of Density 



A, At the time of the Pretest 



Level of Under - 




Verbal Tasks 




Sink/Float 


standina 


QsL 


Comp 


Md 


Ttiermal 


Basic LS 


1 (WT) (N-:1) 


0 


0 


0 


0 


0 0 


2(W/0) (N-11) 


9% 


0 


0 


9% 


18% 0 


3 (Den) (N-10) 


10% 


30% 


30% 


30% 


20% 20% 



B. At the time of Posttest 1 



Level of Under - 




Verbal Tasks 




Sink/Float 


standing 


QsL 


Como 


Ml 


Therrpa! 


Basic LS 


2(W/D) (N-6) 


33% 


67% 


33% 


0 


33% 17% 


3 (Den) (N-16) 


75% 


81% 


75% 


56% 


87% 62% 



C. At the time of Posttest 2 



Level of Under - 




Verbal Tasks 




Sink/Float 


standina 


QsL 


Comp 


Add 


Themnal 


Basic LS 


1 (WT) (N=1) 


0 


0 


0 


0 


0 0 


2(W/D) (N=7) 


14% 


85% 


14% 


14% 


28% 28% 


3 (Den) (N=13) 


4&>A 


84% 


80% 


70% 


80% 60% 



after each unit reflected the focus of the unit, and that the units themselves were brief, it Is iikely 
that the change was triggered by the teaching unit rather than some general developm^^ntal 
improvement. For example, most of the movement from weight/density lack of differrintiation to 
initial weight/density differentiations occurred after Unit 1 which specifically addressed this hzsue 
and was three weeks in length. And most of the noovement from understanding density tied to 
material kind to understanding density more abstractly in terms of size/weight relationships 
occurred after the 2-week unit on thermal expansion. 

The written test also provided valuable information which complemented the information we 
obtained from the clinical interview in three ways. Rrst, we learned that children are beginning to 
think quantitatively about density prior to clearly differentiating weight from density (although their 
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TABLE 9. Written Test (Group 1) Changes In Percent of Students Giving 
Different Kinds of Definitions of **Denslty** Before and After 
Teaching 



Timg QfTftSt . Kind of Definition 





Other 


Extensive 


Ext.? 


JDL2 


Intensive 


Pretest 


23% 


41% 


18% 


9% 


9% 


Posttesti 


14% 


9% 




36% 


36% 


Posttest2 


14% 


5% 


&% 


43% 


33% 



quantifications are invariably incorrect or inconsistent). And children who cteariy differentiate 
weight from density can frequently nwtke consistent and correct inferences aboul relative: 
densities. This suggests that quantitative thinking nwy play an important role in consolWating the 
differentiatfon of weight from density. Second, vf^ teamed that although chikJren have already 
heard of the word "density* they incon-ectly think of it extensively - as con'esponding to the 
objecTs weight or size. This was tme for the chikJren who ctearty had a concept of density as an 
Intensive quantity as well as for those who dkJnI. This suggests that something about the 
situatk^n in whfch they encountered the word dkJ not help them make the con'ect "mapping- of 
word meaning. Finally, we learned that most chikJren do not have a good understanding of 
sinking and ftoating without having some preliminary experience with the ph^-wnwna - even 
those with a grasp of the distinction between weight and density. A brief experience, however, is 
all that is necessary for the chikJren who understand density - as indfcated by their excellent 
performance on the clinfcal inten/iew questions about sinking and floating after such a brief 
experience. 

Written Test ResuUs (Group 2): Children Who Did Not Have Clinical interviews 

Approximately ciie-third of the children received only a written pre/posttest (with no 
inten/ening clinical inten/iew). Curfously. the teaching seemed tess effective for these children 
than for those who had also had the clinfcal inten/iew. That is, the Group 2 children improved less 
on the written test than dkJ the Group 1 children. 

Table 10 (next page) shows shifts in ' basfc level of understanding of density from the 
pretests to posttests for these children w.'^o icceived only the written tests. The majority of 
ChikJren in this group start out by making a distinction between weight and density (60%). In this 
respect, they are initially performing better than the chiWren who were selected for clinical 
inten/iews. However, there is little improvenient in this group: 67% of the chikJren show a basic 
understanding of the distinctir ,i between weight and density by the time of the second posltest. 
(Actually, these overall percentages underestimate the degree of movement in this group, since a 
couple of students regressed and several more improved; some of this movement may also 
reflect lack of reliability in the assessment procedure). 
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TABLE 10. Written Test (Group 2) Percent of Children Showing Different 
Levels of Understanding Before and After Teaching 



Level of nnrierstanriing 

im 2(W/D) 3men^ 

Pretest 13% 27% 60% 

Posttesti 0 40% 60% 

Posttest2 0 33% 67% 



Turning now to changes in children's approaches to quantifying density (in an unstructured 
task), we find more evidence for improvement. Table 1 1 shows that the number of children with 
correct quantification pattems doubled by the time of posttest 2. The numbers of students with 
no quantification or incon'ect quantification were essentially unchanged. 



TABLE 11. Written Test (Group 2) Percent Students with Different 

Quantification Patterns on the Gait/Lldium Task Before and After 
Teaching 



Time of Testing Pattern of Qu antification 





No quant, 


Incorrect 


Inconsistent 


Correct 


Pretest 


14% 


33% 


33% 


20% 


Posttesti 


20% 


33% 


14% 


33% 


Posttest2 


14% 


40% 


e% 


40% 



Finally, there was also evidence of improvement in children's verbal understandings and in 
their understanding of sinking and floating phenomena as a result of the teaching. As in the case 
of children who had the clinical inte.view, the amount of improvement was related to the child's 
level of understanding of density. However, the performance of the children who made a 
distinction between weight and density was not as integrated across the verbal tasks as it was for 
the children with the experience of the clinical interview. 
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In particular, Table 12 (next page) shows that at the time of the pretest, there was little 
understanding of the word "density" or sink/float phenomena for any of the children despite their 
initial level of understanding. By the time of the 2nd posttest this had changed. By then, the 
children who gave evidence of making a distinction t)etween weight and density, knew how to 
compute ••densities" and predict sinking/floating while those who showed weight/density 
confusions did not. Further, only the chiWren who showed understanding of density were able to 
understand thermal expanston (though not all of them did). Curiously, all the children were weak 
at understanding the effects of adding material on density. This is the main indfcation that children 
in this group had less fully integrated their understanding of density than those in the clinical 
interview group. 

Another interesting difference between the pattem of results for Group 1 and Group 2 on 
the written test concems the timing of their improvement. Group 1 chikJren made the biggest 
gains on the written test (verbal and sinking andftoating items) between the pretest and posttest 
1 ; in contrast, Group 2 children made less progress by posttest 1 but continued to innprove in 
posttest 2. This was particulariy striking in terms of the data for their spontaneous verbal 
definitk3ns (compare pattem of change for Group 1 in Table 9 and for Group 2 in Table 13 (next 
page). 

Summary* There was some evidence of change in understanding among the children who 
received only the written test, but the changes most often involved consolidation of their 
understanding of the differentiation of weight from density, rather than coming to make the 
differentiatfon in the first place. These changes included: increased ability to quantify density, 
increased understanding of the word *'density^ increased understanding of thennal expansion, 
and increased understanding of sinking and ftoating. These children were slower to change, than 
children who had had the clinical interview, they made less radical conceptual changes, and their 
final level of performance was rwre uneven, as evidenced by their worse performance on 
spontaneous definitions and understanding of the effects of adding materia!, the occurrence of 
regressions on some tasks, 



DISCUSSION 

Tne present study cleariy documented different levels of understanding of the distinctic.i 
between wei and density in 6th and 7th grade students. At the fewest level, students make no 
distinction between weight and density at all since they appeal only to the notion of absolute 
weight. Next, they have both intensive and extensive senses of weight available (heavy, heavy 
for size), but they combine both notions in one undifferentiated weight/density concept. When 
they begin to be aware that two concepts are needed in their conceptual framewort^, the concepts 
are at first not kept entirely distinct (i.e.,they use weight in one context and weight/density in 
another). Then they manage to distinguish weight and density, but do so first in a qualitative way 
in situations where density is seen as an invariant property of material kinds. Only later do they 
develop a notion of density which can support an understanding of how materials vary in density 
with thermal expansion. 
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TABLE 12. Written Test (Group 2) Percent of Students Correct on the Verbal 
and Sink/Float Questions as Function of Level of Understanding of 
Density 



A. At the time of the Pretest 



Level of Under - 




Verbal Tasks 


Sink/Float 


standing 


Def 


gomp 


Add Themnal 


Basic LS 




0 


0 


0 0 


0 0 

w w 


2(W/D) (N=4) 


0 


0 


0 0 


25% 0 


3 (Den) IN^9) 


11% 


11% 


0 0 


22% 0 






B. At the time of Posttest 1 




Level of Under - 




Verbal Tasks 


Sink/Float 


standing 


Def 


ComD 


Add Thermal 


Basic LS 


2(W/D) (N=6) 


0 


67% 


0 0 


0 0 


3 (Den) (N=9) 


22% 


55% 


0 11% 


55% 55% 






C. At the time of Posttest 2 




Level of Under - 




Verbal Tasks 


Sink/Float 


standina 


Def 


Como 


Add Ttieima! 


Basic LS 


2(W/D) (N=5) 


20% 


20% 


0 0 


20% 0 


3 (Den) (N=10) 


50% 


80% 


10% 50% 


90% 40% 



TABLE 13. Written Test (Group 2) Percent of Students Giving A Different 
Kinds of Definitions of "Density" Before and After Teaching 



Time of Tfisting 

Pretest 

Posttesti 

Posttest2 



Kind of Definition 



Other 

26% 

7% 
13% 



Extensive 
67% 
40% 
7% 



0 

20% 
7% 



1DL2 
0 

20% 
33% 



Intensive 
7% 
13% 
40% 
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Prior to teaching, students had a range of starting points which spanned these five levels of 
understanding density. Thus, while many students in our sample began the study having 
difficulty differentiating weight and density, it was also clear that many did not. This latter point is 
particularly inportant since virtually all children, when probed verbally, gave evidence of being 
confused about the meaning of "density^ Thus teachers, who frequently rely on direct 
questioning techniques, may overestimate the conceptual confusions students have and 
underestimate the conceptual resources students can draw on. 

Further study would be needed to understand why students are at such different points in 
their understanding of density. One possibility, hinted at in the present study, is that students 
may be at different points in their abstraction of a matter theory in which weight is analyzed as a 
function of the kind of material and the amount of material an object is made of. In particular, many 
of the children with lower levels of understanding gave evidence of thinking of weight sinrply as a 
property of an object, its felt weight. For example, they sometimes thought one had to add a large 
piece to change the weight of an object, because a small piece did not feel like it weighed 
anything. And they frequently judged an expanded object to be heavier, because it rose to a 
higher level (again focusing on a surface perceptual characteristic of the whole object). In 
contrast, those who more clearty differentiated weight and density, seenied to think of weight 
within a matter theory. All matter has weight; thus, adding even a sn\a\\ bit adds weight. Further, if 
no alcohol has been added to a warmed thermometer, they judge its weight must remain the 
same. However, since the present study did not systematically pursue the issue of the extent to 
which student's had abstracted a matter theory, more work woukl be needed to test this 
hypothesis. It would also be of interest to investigate why students are at different points in their 
abstraction of a mattertheory: different interests, experiences, or math ability might all play some 
role. It should be noted that the 7th graders were all of high math ability, and the majority of them 
had made a differentiation between weight and density at the time of the pretest. In contrast, the 
6th graders were more heterogeneous in math ability and fewer had made the differer liation at 
the start of the study. 

The present study also strongly suggested that our teaching intervention was successful in 
bringing about two kinds of change: (1 ) conceptual differentiation, in which students who did not 
initially differentiate between weight and density were led to make this differentiation; and (2) 
conceptual consolidation, in which students who already made a basic distinction between weight 
and density, deepened their understanding of this distinction. However, the teaching was not 
equally effective with all children, and it is useful to consider what factors affect its overall impact on 
students. 

Two factors seemed to affect student's ability to differentiate weight and density: their 
starting level of understanding and their participation in a clinical interview. In general, the majority 
of students who moved to making a differentiation between weight and density were those who 
were only one step away from making this differentiation. That is, they were at level 2b (i.e., they 
had begun to be aware that two concepts were needed although they still conflated weight and 
density when thinking about density.) Further, the curriculum was most effective for this group if 
they had a clinical interview, perhaps because it succeeded in revealing the tensions (puzzles) 
Implicit in their conceptualization. Of course, students with lower levels of understanding 
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frequently made some progress in their level of understanding as a result of teaching, but they 
did not progress as far as level 3a - making a distinction between weight and density when 
density covaries with material kind. These children perhaps needed to make a more radical 
change in their framework: from a framework in whfch weight was analyzed as a property of 
objects to a framework in which it is analyzed as a property of matter. If this is the case, then the 
present study reveals that such framework changes are hard to make, even with the help of 
models. 

The teaching inten/ention was highly effective in bringing about conceptual consolidation. 
In general, those students who had a concept of density were prepared to learn a verbal label for 
-density*, learn appropriate quantificatfon, and leam about sinking/ftoating, and thermal 
expansion. Further, after teaching they were more consistent in their performance across tasks. 
Again, however, the clinical inten/iew may have played some role in promoting conceptual 
consolidatton, since those with the clinfcal inten/iew progressed nrwre quickly and thoroughly than 
those who did not. 

In contrast, those students who didn1 achieve conceptual understanding of density had 
difficulty with many tasks: spontaneous definitions, sinking/floating, qualitative reasoning about 
adding material and thermal expansion. Indeed, the only problems they had any success at all on 
were the problems involving formal computation. The fact that many students could memorize a 
formula for density - in the absence of any conceptual understanding - was striking. It should 
alert teachers to the dangers of "overinterpreting- the success on this type of task. Many 
traditional tests, however, rely more on this type of task than the more qualitative and conceptual 
tasks. 

What about the teaching inten/ention made it effective for many students? While the 
present study was not designed to systematically investigate this issue, our results suggest that at 
least two aspects may be particulariy important: (1) engaging student initial conceptions: and (2) 
using modeling activities. 

Some evidence for the importance of engaging student conceptions comes from the 
superiority of the group which had the clinical inten/iew. This group made more conceptual 
change and achieved a more integrated conception of density. While we tried to engage student 
conceptions throughout the teaching, cleariy this can be nrwst dramatically done in one-on-one 
situations where the student talks and the inten/iew probes and listens (i.e., clinical inten/iews). 
Indeed, the experience of one-on-one inten/iew can function as a valuable teaching tool. We are 
currently trying to understand more fully the nature of the effect: in particular , we want to know 
when these two groups began to diverge. We are also exploring ways we can structure the 
teaching situation to make it more responsive to individual needs and differences: for example, 
using a small-group rather than whole-class format. The computer can also be more fully exploited 
as a tool for challenging students and helping reveal puzzles in their conceptualizations. 

There was also some evidence that our models were helpful for students, especially when 
dealing with problems like thermal expansion. Many students were capable of inventing 
qualitative models of density on their own (e.g., intensity shading codes), just as many are able to 
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make some differentiation between weight and density before instruction. However, these 
models do not show how weight and density are interrelated. The power of our "grid and dots- 
model is that it shows weight and density as distinct, yet interrelated quantities. Significantly, we 
found a high level of use of our grid and dots model in our •'converts" to weight/density 
differentiation. Further, there was a high correlation between those students who assimilated our 
model and those who were able to understand the phenomena of thermal expansion. (It should 
be noted students do not always immediately jump to using our grid and dots model; frequently 
they first adopt nxKleis which show density vnore qualitatively, via an intensity shading code.) 

Overall, we found our newly developed clinical interview very effective in diagnosing 
conceptual change. The written test was also effective, although as constructed it was not as 
sensitive as the clinical interview, and performance was less stable. Some changes could be 
made in the written test to improve its sensitivity and to make it more comparable to the clinical 
interview. In general, it would be good to have more items which do not presuppose an 
understanding of the word '•density^ One could also incorporate sink/float demonstrations in the 
testing procedure, so that the test does not require prior experience with sinking/floating 
phenomena. It also is undesirable to give the same test three times, as motivation wanes, and 
carelessness increases. 

In summary, the present study re'"3aled the potential of the teaching intervention for 
bringing about conceptual change and consolidation. At the same time, it alerted us to issues in 
the implementation of the teaching intervention to which we need to pay more attention: how to 
make students more aware of the initial conceptions and the puzzles inherent in "^hem, and how 
to exploit wori< with the computer and small group activities to promote more active dialogue. 
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Appendix 1 
ASSESSMENT INSTRUMENTS 

A. Written Test 

B. Clinical Inten/iew 



48 



A. Written Test 
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PAPT A. 



c^--^ ^ — 




» WHICH OeJECT IS MAOe of a hEAVIE?? kino of material? Gait L«cl'»jm 
* HOW 00 YOll KNOW? eXPLAFN YOUR ANSWt>?. 



2, Here is another object maoe Galt. 



* fMAGTNe AN OejSCT MADE OUT OF LI GlUg^ THAT WF iGHS THE SAME AS THE OBOECT 
MADE OF GAI.T, 

Draw a picture or what" \t wQuld IPO^ 1 i^e> in tni^ so;9Cf^r ^0Ov<^ 
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3. Here are some more pairs of Objects made of GALT and LIOIUm, Decide if 
the objects in each pair weigh the same or if one of them is heavier . 
Circle the answer , 

a. The object macte of GALT is 2 times the size of the object made of 
LIOIUM. OAuT • U\b\OM 

I J * j I 1 ; 



Circle one: THIS IS HEAVIER THIS IS HEAVIER THEY WEIGH THE SAME 



b. The Object made of LIOIUM is ? times the size of the object made of 
GALT. (^^[^T LiolOM 



Circle one: 



THIS IS HEAVIER 



THIS IS HEAVIER THEY WEIGH THE SAME 



c. The object made of LIOIUM is ^ time? the size of the object made of 
GALT. 




Circle one: THIS IS HEAVIER THIS IS HEAVIER THEY WEIGH THE SAME 



d. The Object made of LIOIUM is 3 time? the size of the object made of 
I — I f— ^ 



Circle one: THIS IS HEAVIER THIS IS HEAVIER THEY WEIGH THE SAME 



The?e two objects made of GalT and.Ll.OUJM are both the same ??ze . 



Circle onp: THIS IS HEAVIER TH[5 IS HEAVIER THEY WEIGH THE SAME 

HOW 010 YOU TELL IP THE OBJECTS WEIGHEO THE SAME OR OI^FERENT 
* AMOUNTS? 
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.1. Consider the following three objects mode of different •«^«;'«'»-^' 
aluminum, and steel. The objec-s are all the same size . The one made of 
steel is heavier than the one made of aluminum, and the one made of 
aluminum is heavier than the one made of wood. 



• THE OBJECTS ARE THE SAME SIZE BUT THEY HAVE VERY DIFFERENT WEIGHTS. 

WHAT DO YOU THINK COULD BE DIFFERENT ABOUT THESE THREE MATERIALS THAT WOULD 
EXPLAIN THIS? 



• Draw a picture which shows what vou mean. 





woop 



A'uUMllOOM 



STE.eu 
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Part C 

I. • HAVE YOU HEARD OF THE WORD "DENSITY"? 



Yes No 



2. • WRITE DOWN WHAT YOU THINK IT MEANS. 



3. Here are some statements about density. 
Circle thp statements vou think are correct 



a. Objects made of denser materials are always heavier than objects made 
of less dense materials. 

b. Objects made of denser materials are always smaller than objects made 
of less dense materials.! 

c. Objects made of denser materials are always heavier for size 
than objects made of less dense materials. 



A Here is a block of wood which is cut into two pieces. 




CO 



-7> 



. IS THE DENSITY OF BLOCK "b" THE SAME AS THE DENSITY OF BLOCK "a'? 

Yes No 



5. Here are some more 
think are correct. 



statements about density. Qirclp the statements yo u 



The density of a material may be changed by: 

a. taking a small piece off. 

b. heating it. 

c. a chemical reaction with another material 

d. nothing. 
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Part D 

1. Here are four objects which have the foHowJng s'zes and weights: 
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SIZE: ^ cube units 
WEIGHT: J 2 gr-mc 



B 

3 cube units 
12 grams 



2 cube unft5 
6 grams 



2 cube units 
8 grams 



Think about whether any of these objects could be made of the same 
mater I a 1 . Circle the correct rtatements 

a* Objects A and 8 could be made of the same mater^e\1 because they are 
the same weight . 

Objects C ano 0 could be made of the same material because they are 
the same size , 

c. Objects A and C could be made of the same material because they have 
the same weight per size unit . 

None of the above could be made of the same material 



2- WHAT IS THE DENSITY QF THE MATERIAL IN EACH OBJECT? 

a. The density of the material in object A Is: 

b. The density of the material in object B is: 

c^ The density of the material in object C is: 

d. The density of the material in object D is: 
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Part E 



Pa'ge 6 



Here are two pieces made of WAX and ALUMINUM placed «n a tub of water. The 
ALUMINUM piece weighs 150 grams and the WAX piece weighs 50 grams. When 
they are placed in water, the WAX floats while the ALUMINUM sinks. 




Circle the correct statements 



I. IF A VERY SMALL PIECE OF ALUMINUM WEIGHING ONLY 2 GRAMS WERE PUT IN THE 
^ WATER t IT WOULD I 

a. Definitely float 

b. Definitely sink 

c. Can't tell whether it would sink or float from the information 
given. 

2» IF A VERY LARGE PIECE OF WAX WEIGHING MORE THAN 200 GRAMS WERE PUT IN 
THE WATER t IT WOULD: 

a. Definitely float 

b. Definitely sink 

c. Can't tell whether it would sink or float from the information 
given. 

" 3. IF THE 50 GRAM PIECE OF WAJ< WERE PUT INTO A LIQUID OTHER THAN WATER. 
IT WOULD: 

a. Definitely float 

b. Definitely sink 

c. Can't tell whether it would sink or float from the information 
given. 

il. IF THE 2 GRAM PIECE OF ALUMINUM WERE PUT INTO A TUB OF WATER AS BIG AS 
AN OLYMPIC SIZE SWIMMING POOLt IT WOULD: 



a» Definitely float 

b. Definitely sink 

c. Can't tell whether it would sink or float from the information 
given. 

4. EXPLAIN YOUR ANSWERS TO THE ABOVE QUESTIONS- HOW CAN YOU TELL IF AN 
OBJECT WILL SINK OR FLOAT? 
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5. Here are some statements about sinking and floating. 
Circle the statements vou think are correct, 

d. Objects always sink when the/ are heavy* 

b. Objects made of "a material less dense than water float. 

c. Objects float only if they have air in them. 

d. The shape of an object never affects whether it will sink or float, 

e. If a solid cube weighs more than an equal amount of liquid, 
it will sink in a big tub of that liquid. 



6. Here is a large iceberg floating; 9/lOths of it is below the water. 




• A SMALL PIECE OF THE ICEBERG BREAKS OFF. 

Circle the correct statement: (Draw a diagram showing how the little 
piece looks in the water if it helps you find the correct statement.) 

a. The little piece will float with 9/lOths of it above the water 

b. The little piece will float with 9/lOths of it below the water. 

c. The little piece will float with 1/2 of it below the water. 

d. The little piece will sink. 

e. Can't tell the from information given. 
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Part F 

I. Beaker A and 8 are both filled with the same liquid at the same 

temperature > There is more Hquld In Beaker B than than in beaker A. 





Circle the correct answer : 
♦ The liquid in beaker A 



the liquid in beaker 8, 



a. is less dense than 

b. has the same density as 

c. is denser than 

2. Draw a picture that shows the density of the liquid in beakers A& B, 




• EXPLAIN HOW YOU HAVE SHOWN THE DENSITY OF THE LIQUID IN YOUR PICTURE. 
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3. Beakers C and D are now f filed with the same amount of 1 tgufd et the 
same temperature > The Hquid In Beaker 0 Is then heatedt causing it's 
level to rise in the tube: 



■AS' 



7S°. 

J.L_ 



\0 mS- 
C 



I 



Circle the correct answer 



» After beaker 0 is heated, the liquid in it 
beaker C. 




the liquid in 



a. is less dense than 

b. has the same density as 

c. is denser than 



4. Draw a picture that shows the density of the liquid in b eakers C and 0 
after heating beaker 0 





C 



• EXPLAIN HOW YOU HAVE SHOWN THE DENSITY OF THE LIQUIDS IN YOUR PICTURE. 
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BHl and Bobby's class is studying watering and how seeds grow^ They want 
to answer the question: Does more water help seeds grow faster? 

Bill and Bobby did the following experiments: 



(a) Bill takes pumpkin seeds and sunflower seeds and puts each kind in 
a different box. He waters one kind every day and the other kind 
once a week. 



(b) Bobby takes only pumpkin seeds and puts them in two different boxes. 
He waters one box every day and the other box once a week. 



• HAS ONE OF THE STUDENTS DONE A BETTER EXPERIMENT? Yes No 
• (If yes): WHICH ONE? Bill Bobby 



» EXPLAIN WHY OR WHY NOT. 
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2. Here Js a box filled with black and white butterflies. 

As the box gets bigger, more black and white butterflies are added, 
as shown. 



V 





Here is 3 tank with black and white fish. 

Fill in the missing black and white fish in the last tank , in' the same way. 



3 TlM€i /^.^ 
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3. Here are some pictures of cyHnders. Look at the picturi?5 and decide 
whfch are the best ones to help you solve the following problem: 



• PROBLEH: Cut the longer cyHnder-so that you have a pfece that '.Is the. 
%sme size as the short cylinder. 



Which picture or pictures would vou use to solve the problem? 
Circle here? A 8 C 0 



A 



A — I— \ — \—h 



^•1 




i Tj 



C 



Lg. °po° o°o o°o O 



« • 



1 



» (EXPLAIN WHY THE PICTURE OR PICTURES YOU CHOSE ARE BETTER FOR. SOLVING THE 
PROBLEM THAN THE OTHERS. 
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5. Here are some statements about sctenttftc models, Cfrde the statements 
vou think are correct, 

r. Models whtch contain tots of informstton are always the most helpful, 

b. The more a model looks Hke the real thing lookst the more useful 
It Is. 

c. A model which Is useful for solving one type of problem Is not always 
useful for solving another type of problem. 

d. The Information put Into a model should depend on the problem being 
solved* 

e. Models are a tool for thinking, 

f. A scientific model Is an accurate model which never changes. 

Pert G 

Betty and Jill's class is doing. an experiment to find out about weight 
and sinking and floating. They want to answer the question: Does the 
weight of an object determine If it will sink or float? 

Betty and Jill did the following experiments:. 

(a) Betty took a heavy rock and a light piece of wax . She put them in 
the water to see which would sink or float, 

(b) Jill took a heavy piece of clay and a light piece of clay and put 
them in the water to see which would sink or float, 

• 010 ONE OF THEM DO A BETTER EXPERIMENT? Yes No 

*(If yes): WHO? Betty Jil l 

* BRIEFLY EXPLAIN WHY OR WHY NOT, 
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B. Clinical Interview 
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PRE/POST HLTMTCAL INTERVTEI^ 
NAME M/F GRADE DATE 

T. SORTING BY MATERIALS - 

Set c«f cylinders (I 1/2 in. Hiarneter) mad<? or ijir«rnj, 
AlMfT.inum, ^riiji st^i^l). WOOD: \,2,3; AL: H,L.,05 STEEL: A ?v n. 

Lt' ;= ^ff»(:' fTia t «:. n' H 1 , Cati von <;ript t h<^m i nt n Opr«Up? a r r nrri i nn r h*> i i\ti rif 

Mji-iod aluminum steel N;}mes: wd, ci» , sr 

nther- 

(Ti^n them n^imes anrt cnrrect ^ny rrast^kes.) 

TI. PAIRED COnPARISnM OF WEIGHTS OF OBJECT?. . 
{PnSTAOE SCALE. S^^rne set of cylinders.) 

"Moiu T " ffi QOinri tn ^sfa' vQM SQfP*^ iiU»='St'ions about the WEIGHTS tri<:t<^^ 
nh j<g'rt^. r'ni <;hniu ynn fiijri M^'cts at a ^jnot^ aoii qt;tj Vnii iiih<t.fn^r on«a -^r 

rtnp.<Ti is h<aaviief^ or ijjhetht^T they are the:* c,;\fu<? uteiqht. T u^ant yriit to t^'^fti- 
r anefnlly about y^' i itr ansuier. So tftr *='ach nmblem, T luant vnit rn t-j^w^^* 
hS<:'<;<.f nb!<='rts jo your hand*^, anH put therrt on tb<=' posrane <;ral«=' rxafnre 

'^^ /^y AOi"^. ao siijer* " 

0 : Tj^^ ill • I <=■ itrt - h <:■<;<:> >ihj<art<^ h<a;^v<<^r- r>r Hi'i th^^jy iu<=iiiih rhta gaaxa''* < fr nn/:* i *; 
heavier, asks Which nne is heavier? (Repeat question as need^-d) 



(t) W2-L £7 ^ (same size WD AL) 
(2) W2-W.-:jQ £] (hi. J ?v ftje.1 WD) 



(:";> O-n Ia ^ (enual mt ST ?y. AL) 



(A) W?-hQ (biq heavy WD ?v sfT.all AL) "^^^ 

(Ft) iVA (hiq heavy AL .'k small ST) 'r^"^ 



"Very nood. Hoiu did vou knouj ojhgn an ohje c tui ^ s h eavier'"* 



5. 

J 1 1. PA IRED COMPARISOM OF DENgSJTIES, HF mA1ERTAL:=; 

(POSTAGt SCALE, Same- set of cylinders), 

"Mom T^'m ooip o to ^sk vou riirf<='r<ant nu^^stions ^ttout tH<^se oh<4'rf<;. 
Yqij^v«5 alreaijy sor-ted these ob jects bv th^ tfind of material t^^v 
of! some are ju oQii, some aluminum, some steeK Mom T'^rn on inn to ;^<;t^ vr<it 
aboi;t the heaviness of the ifind of material an object is made of- 

^' L? one o f t hese ob.j< -fCt<^ made nf g heavier icinri nf mat'^'nal, i"^*"- rn-,fT« 
(Repeat question as needed) 

(same sine WD AlJ 

(same size AL ST) 

(equal meight ST At AL) 

(bi'j heavy AL small ST) 

(biij and small AL) 

(bio heavy UD ?/ small AD 

"Ver*. oonii. tHnnj fiid vnii t-<?l 1 sMhich obi ect luas a made nr h<ap,vi tin ii 
nf ma t<^r 1 a 1 



(1.) W2-I. □ ^ 
(?) H-A Q W 

(4) n-A i?? 



(5) n-H 

(6) W3- 



T V , nY<;.TEC:Y HATE RJALS, 

BALAryjnE SCALE, Three ne»vjlar obiects: 1" wood, l"al, I" s^-<='2- ni%/^rirv 
materials: 1" RED (mood), I" BLUc (lucite) 

"H<ar^ 19 a hal;^ nr e s ral e (rh<^ck^ that ney i^nr<m n .-iiii \f uinn^ <; i ar ni rh r - «i 
nem o i ec e s of mo o d ^ a 1 . and s t > Th<=' ri:' ;s nt:" a ) <; o t mn n h i r t- <; t ha r ;i r'<a .- ii v%ar-ji 
1 1 o >_JVVt I J^r j ri 0^ J s 1 1** f i I'J i j n r i i it mOat' U i nd n mat<='r- \ a 1 r ru^ v arjS' >TiPiii:» tit , 

RED ( t he mood ) ' " Ho u 1 il t n i s o h t e r r he m a d*=> ri f i-i i-^ ^\iirt\niim i\ c- 
st eel, rriiKh it he mnde «^f ^/«mej'hiriq | c^^a'"? Hrmj d i *^ vrm ^-'rn-im > 
(nnte strateiiy and e:^planatxon) 



RL LIE ( 1 1 1 r i r <i ) : " Ci-i n 1 d t- h ? n h t v;* c t ma d^=' n f m» * »•» d , a i i im i n t *'i r g r 
ri T* .Tiiic>t it b»'' /Tia.ij<:' I 'j f ^nffi<-«tri 1 nn i <;ia'T> Hrmj »in yrin i'nn ii; •* 
(note strare'jy ^^nd evplanatirni) 
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BA! AWr? f;CAL»^. '^ra^W <;f:«.^i cube, small A*L CU^i^ ^ Mem urn AL fT) ennA i in 

"7 ^fi 1 \l. ^:> V illi hn riTilt^r thtS'SV? fAi.ir obtects Jirri^c^Hi no rh<'.«ir (.oiPTi ^HT . 
Piir j-he lipht-^st- I'lbierf h<tfre, the n^vt heRVl<='Sr Ht^r^. and ?ri i^n, y 
5.!^ ^ t^x*" <;^iTi^ <ue'>nht. nut ^h^m t^nethiar, Thin^ ^binit it a^ r;^r^f:.rMl lv{_j^ 
pf^ss I b) e « " 

'^iTi <;.T ^t liiritc. (BLM£) = ^ 

rM;»ft,a sure, i>«afor<^ rriTic 1 US'* Ofi fir this p^nt, that tnev lin nrir*^ {-"i^^r rr,,i 
aKmnnym and Incite p\t=:ce5 ^ire the s^^me In uietnht.l 

"^J rtiM 1 i'>'e vTi;* ^l^l nrii^r t*^*^?*^ nhierr<; in ^ i^ i rr^g* <••«■•« f>r iii;^v i ir- < < «:* 
r hes<^ rnijn >>hic='Crs ^croPi?2nc! to thg> DEMSfTV rtr tht:* mar^pjai rN<a*. .irM:. -^.a^^^^^ 
nr, T^*^** ^ , Z^'^'' ^ ^ e «'i ^ I *^ c t (on 1* 1 h i e r t s ) fl>a e o ^ » 1 n or tf* r v ^ n ri •♦•^ a'»a 

' i*-^ CJ-iL?^ VAOJ-f h A \/t ^ h h 1:. cja tyna ;i <^ ' f V . roji: rht^ m 1 1 • r *■,»:.>■', " 



-t%.ii i< Vi'ii' t>riri>u tune''^* - -ilar^ th*iiTi" 



(:n^ni<i frill r I'th iects as ^ru-is/t^'t ricar,cil Ar m;iri;\irc;- ft 1 /;:■ r mtt - riflr^:.!^. 
rM'it o ilTA hi a riirrnpjg' tmatf^a up a C'\<"ri|r<:' rt'niif*t t.it'i'rh iT < vt:.<; i .-i ri^rrria" » 11 n a n ♦ < 1 , - 
Hnui ha ve Vi'ii! shomn ^h<=' in s 1 



l^mii h^ v%t« vc« 1 1 h t'liijn t h<=' 1 r iije ) nhr*^' 
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VIT. SINK AMD P L0A7 

U rSet ot ^, obj«=!Ct5? one kxrttj or flr»;itinn 'jJOO'I ^of toio »ixf r<-;r'«?nr 5i-<?f5)- 
1ari3«=f ^nd small pieces or apple? 1ang<? and small piece riay^ iar«ie ^n<? 
sm^ill Diece? luciteJ 

th<^V S3n>f or float. 

up A neneral niil<=' ijjhich J^llrnus us Pf^g^'^irr ujhaV iin 11 c;iritf ;^nfi uii"<^r (u'i ^ * 
f 1 i-i;^!-'? 



2- (Brinq outs la^oe STiall WAX; large small AL- ^^^ate materials- Or-ci^-r 
hy relativ(i lueinhts usirni BALANCE SCALE. Put smell WAX i?/ large AL 
•nater, ) 

i-he larne A!^ <; i n <; ;^ 0*1 th<:> Qfri;^! 1 tii;^'i^ tlri;^ts« NniQ if iuc^p^*.. tii r.pi- 
1- hr< hip MAX anii th^a <;m9 1 1 Al jn f he iijat-t-^r^ tuhat* di'i you t'hinl:- fiji-iM»ii r^;:^r,^'^,^n 



Lame WAX: ?. F Reason: 



:t.mall AL: S F Reas^in: 



•5-1 C8r\rin riiit lur^te n)nd jar rif fresh and *^alt* wat^ar. j^hriiu ftt^m thar »• 
liicxve floats m rme jar, put not the nrherl 



"Heri^ 1 Q ^ n 1 ec^ ^i*'? luc^r':*. If 7 niir li* in h -=< r e i ^ rlri^c hi*r if r 'hi** 



It J n here , ? t s m^i^. Ho>u cj^n t hat be 



< Bring ""iut ni"^ss of oil , ) 



" ^ i s I-) 1 ;^ <; <; h;\ c n i 1 in if, f f T ri t ii* h h i < 1 m r ^ <a ^ r< t* h ^ :« I'l i I >i f< vri ^ r n ^ <• 
tt itti H sink or flo^t'''" 

S F R«^aS'"*n: 
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(Show M-iMn^ th^t lucit^^ 5jnks in 

(TF mom liM PREDICTION): " In fact, th«^ Incite ?inkg in M^m 
c^s, that h<v ? 



^» fBrjng iMjt 2 5^rTie 5ir»? pieces of CLAY ^ 2 sfriall pieces of WAX) 

" Here ar^S" tiiii*; 9^ me si::e pieces of cKiy antj t^ey hieigh th*^ <;ame» P"r no 

BALANCE SCALE. Nr. uj T^ll put one of these Httle p i eces of c Uv \n-bf^ti.j<:>en 
rhe^e tmn pieces of max. Show them that the day/wav piece rl^sarly uje^gris 
more th-^n the small clay piece c^lone^ 

uih <?fi T out the small clay, vn luater, it sinks. SKou them, 

^f uje out thig heavier ob ject in iiiat^^r (r^ay sturk hr-'t>ifeer> m fi i t:'rc^ci ) Wi-^ 
\/ri !t rhink \t tupitlii float or sink? 



(Do e'-T'eriment and show that the clay/wav l oats ), 

[F S PREDICTED FT WOULD SINK' The rl;>v ball <;in^fs. hut the hr^av^ -^r 
oht<^rr made of rlav an«j wa^ f!oars> Hnw ran that he'"^" 



5* a)Sff»^?l* clav, h)c Jay/wa::', c>canctie. 

'i''" - * 1 vou or lie r these n t jects bv how much thev 'uei»ih'^ 



Now could ynu ordr-'r tfie*;*^' ob l«='Ct<; hv tftp density nf thi^'ir iTiater *al 



S 



F 



Reasons 
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V T 1 1 . EFFECTS Of TRANSPQRMATIQMS ON OB.JECTS AMD MATERIALS 



1, CLAY CBring out ^ ball of clay. Add a littl'S bit or cUy,] 
a)>"Dad I ch^innc^ the AMOUNT r.f c'uv in the bal r>"'" 



Yes (more) 



Ye? (less) 



Reason * 



No Shogi me houj rnuch to add to chanoe the arnount of cl^y'^' (have then 
tell you ^'he i^mount, arni then use that amount frir- the nest of the 
ouest ions) 

b) - "Dili I change the t^EIGHT of rhe rlav t'al i »uhen I added that lirrie 
0 iecsr? 

Yes (heavier-) Yes (lighter-) Reasons 



Nn Shouj iTie hoti) much frior-e clay I need to make it heavier-'^' 



r , " ni li !_^£^ha^^3 «=' tS<:» QENSTTY nf hh/:> r 1 av in th<:* Sail ninen T aWHei^ Hnar 

( 1 ittle ) oiere 

Yes (i^ensen) Yes (less dense) Reasons 



No Reason! 



^1 E^RANi^.lON rBr-\nr| o«jt thenmometer and »]lass or uiapm , rnj co^d ijifat.='r, H:;ve 
them observe «uhat happen? to thermometer- in hot anc cnf ruater-l 

U h eri yon ^ii » t th</^ th r-fTiome ter- i n t h<=> iHanrri ma ter- , t he a i r rihii i i n t n^:* 

t ne«''*T>rim<:»r tap p|<;<s»<; lii^e thi<; gnij ttih<ari ynij nij^ > r ^n^l^> rrtlii ih;^ t t::»r ^ ; r t]ri<='g 

ft ft (i< n i \ t h i S . 



T<; thiST^':* MORE alcn hri l in the thermometer^ tnh^^n It*"? in !ii;^pn-i hiat^^p-r.' y ^vj 
Hi'iiii do ynti ^irioijj that"^ 



Dues the a I c u h o 1 UE I OH more ^uhe n 1 1 ^ s in uj^^ rn tuat e r ' 
Hi'Hii do Vi'iM l-'nrisu that^ 




noe« 



^ ^ ff^hol hav<a th<=' ^am<a GPM:-^TTY iijhtan it c ; in ma rm tti;^f<ar 
Hout Ho ypH ^^nntu that''-' 



J <^ 
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TEACHING MATERIALS 



UNIT 1 : Sinking and Floating Pheno mena and Introduction to the Densiiv of Matfiml.Q 

A. Description of Lessons 

B. Worksheets 

UNIT 2: Thermal Expansion 

A. Description of Lessons 

B. Worksheets 

UNIT 3: Average Dfinsitv 

A. Description of Lessons 

B. Worksheets 
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UNIT1: 

Sinking and Floating Phenonnena and Introduction to the Density of Materials 



erJc 
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UNIT1: DESCRIPTION OF LESSONS 

LESSON 1: introduction to sinking and floating phenomena 

Objectives: preliminary experience with materials, sorting and classification, and exploring ideas 
for sink and float criteria; explore meaning of rules and the kind of predictive rule we are 
tooking for 

L Students are given a tub of water, scale, and kits with various objects such as different size 
pieces of clay, pumice, wood, and stone. They are asked to group them according to 
whether they sink or float and describe them on a worksheet. 

II. Discussion follows along two lines. Rrst, students agree on which objects sink or float. Yet, 
they do not all have the same way of describing them; there are several ways to describe a 
given object. We have students begin to think about the different characteristics of the 
objects and their materials, paying particular attention to what it might be about the objects 
or materials which makes some sinkers and some floaters. They are urged to formulate 
some general rule about what kinds of things sink and what kinds of things float. 

III. We hand out another kit that has items vfhich challenge students to fonnulate their rules. 
Included in the kit are small pieces of rretal, ceramic, lignam vitae (a dense, sinking wood) 
and a largo piece of floating wood. Students must predict whether each item will sink or 
float. Those students who use the criteria of weight or size alone for their predictions must 
come to terms with the small, light things which sink and the large heavy item which floats. 
Students are to state their predictions and reasons before testing each item in the water. 

LESSON 2: Investigating properties or characteristics of materials 

Objectives: to investigate properties of materials and extend range of materials which will be 
studied; further work with classifying and sorting; preliminary exploration of the difference 
between intensive and extensive properties; preliminary testing of rules 

I. We list the ideas students had about what will sink or float on the board. Students do not 
generally com.e up with one basically consistent rule or criterion to apply for all objects, but 
rather each object will have its own reason. The reasons why objects sink include: if it's big, 
heavy, solid, thin, made of clay, heavy material, sinking material, dense material. Objects 
float if small, light, thin, hollow, if there is air inside, or if made of light material, floating 
material, or wood. 

IL We discuss again the meaning of a general rule and the role of experimentation. Our goal 
will be to come up with a rule that w.n /^ork for all the objects we have considereri and could 
easily apply to objects we have not yet seen. We consider experiments in two ways: first, for 
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exploration, to see what will happen, and to tiy something new to get information or ideas; 
secondly, to test out an idea (hypothesis) that we already have in a systematic way. The 
teacher refers to the list on the board and states that we have already generated ideas and 
now we need to find a thoughtful way of testing our ideas and to see if we were right about 
certain ideas in particular. 

III. We structure the experimental phase by first having students classify objects according to 
their material klixl. They test for the conclusion that it is material kind, not size or weight 
alone that makes a dfference. Hence, some materials sink and others float. If we know what 
some amount of material will do we know what other quantities of that material will do. 

IV. The teacher does a few demonstrations which enrich understanding of the new rule. Other 
size pieces of the familiar materials are placed in water. Rnally two pieces of white soap are 
placed in water. One sinks while the other floats. Students discuss whether or not they 
could be made of the same material. 

V. Students are encouraged to try out objects at home and make their predictions. 
Sometimes it is necessary to discuss the limits of our investigation. At this point we must 
limit our discussion to objects which are made of one material only, are not shaped like a 
boat, and do not act like sponges. 

LESSON 3: Investigating weight and developing and evaluating predictive 
rules for sink/float 

Objectives: to work more explicitly with the weights of objects and determine their effect on 
sinking and fk^ating; to reflect on what makes a meaningful experiment in light of our 
invesiiciations and discuss counter-examples, discovery of variables, and control of 
variables 

I. We start with four objects: a large and small piece of pumice and a large and small stone. 
Students will order the objects in two distinct ways: by their weight and then by the density 
of their materials. It was useful to review that materials are characterized in mar^y ways and 
that one of these characteristics is that some materials are heavier than others. That id to say 
that some materials fve denser than others and that we have an easy procedure for 
determining the denser of two materials. If we compare the weights of objects which are 
identical in size but made of different materials, we say that the heavier object is made of 
denser material. We note that the small stone weighs less than the large pumice although it 
is made of denser material. 

II. More objects are given to the students: equal s'ze pieces of wood, copper, and hard mbber 
as well as larger and smaller pieces of the same materials. Again they will order these 
objects in two distinct ways: by their weights and by the densities of their materials. In 
addition, they use their orderings to conduct systematic experiments. Since some people 
had the idea that objects sank or floated because of their weights, this idea is now tested. 
Students see, by ordering their objects by weight and placing each in the water, whether or 
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not weight alone is a valid predictor o: the objects' sinking anc^ floating behavior. They then 
order objects by the density of their materials and test whether this is a more useful 
parameter for p;9dicting sinking and ftoating behavior. We conclude that density, not the 
weight of an object alone, is the relevant paranneter. 

LESSON 4: introduction to using modeis 

Objectives: explore student models visualized or imagined ideas of what makes some materials 
sink and some float and further what makes some objects weigh more than others, even 
though they are the same size; begin to focus on the idea of crowdedness, packedness, 
intensity 

I. We first review our procedure for determining whether one object was made of a denser 
material than another by comparing the weights of equal amounts of each material. 

II. We now propose to students that drawing models or pictures sometimes helps make ideas 
clearer. We continue our investigation of objects and materials by having students draw 
nx)dels of five objects. Three oC them are the same size but are made of different materials - 
wood, brass or copper, and mbber pegs which weigh distinctly different amounts. The 
other two objects are a larger piece of wood and smaller piece of metal (either a penny or 
brass gram weight.) Students are asked to represent the objects on a worksheet which 
supplies the outline of the small size pieces. They are asked to draw the other two objects 
free-hand in the space provided underneath. 

III. As the teacher circulates, students are asked about the kinds of things they can tell from 
their pictures. Can they tell whether or not two objects are made of the same material? Do 
their models let tiiem make judgements about the relative sizes of the objects? They are 
also asked to think about whether they can tell anything about the objects* weights or about 
the relative densities of their materials. 

IV. We use the above questions in a foliow-up discussion. We have the class look at several 
different models and evaluating which ones could or could not be used as meaningful 
representations. At xi\\s time, we focus on how the information is represented or 
communicated and whether the code used is iniemally consistent as well as consistent with 
reality. Later, we will focus more specifically on the relationships of the three quantities: 
size, weight, and density. 

LESSON 5: Using the modei to find out about sinking and fioating (including 
role of iiquld) 

Objectives: preparation for Archmimedes program and extending the idea of density' ot liquids as 
well as solids; to discover the mle built into the Archimedes program and think of how that 
would translate or what it would mean in the real world. 
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I. The densities of various solids and liquids (such as wood, clay, water, and oil) are compared 
by weighing equal portions of each. Students see that we can talk about the density of 
liquids as well as of solids. 

II. Relating to the experience students had the previous day with nxDdeling, they are shown 
how solids and liquids are repersented by the computer. The teacher draws several objects 
on the board as they would appear on the compter screen and points out how each 
dimension is represented: Size - boxes; Weight - dots; Density - dots in each box. 

III. The teacher guides the class in how to use the Archimedes program, talking through the 
functions of the various commands and how to create objects by first selecting the material 
from which they are made. The range of materials is given on a menu which shows a single 
building bkx)k of each material. Each building btock consists of a square box (size unit) with 
a characteristic nun*er of weight units (dots) within it. Since objects are made up of 
identical building blocks, the theoretical size of each btock is artjitrary so long as the 
condition of homogeneity is valid. That is, the size of the real worid material sample, which 
this building block represents, is artjitrary, so tong as its weight is consistent no matter from 
where in a given substance or object we draw the sample. 

IV. Students now use the Archimedes program to perform experiments about sinking and 
floating. The program simulates the placement of various objects in different liquids. All the 
objects are the same size. By noting which objects sink and which float, students are asked 
to form a general rule which would allow them to predict the behavior of any given object in 
any given liquid. 

V. Discussion has students articulate their mies. We took for appropriate terminology (i.e., 
refering to "dots/box" as opposed to just "dots" when necessary) and generality (i.e., a 
relative density rule as opposed to specifto case citing: "green material ftoatf in orange 
liquid") 

LESSON 6: Testing the rule for sinking and floating using the sink the raft 
projram In which we can change the size of objects 

Objectives: to have students gain practice using the simulatton and confirm the notion that 
density, not weight, is the relevant dimension for sinking and floating phenomena 

I. The students continue to wori< with the computer model. This time they use the Sink the 
Raft program, in which the size of objects can be changed. Students are challenged to see 
if they can make a floating object so big and thus heavy that it will sink. Similariy they Iry to 
make sinking objects float by removing material from them. 

II. Discussion of conclusions and consequences for real world objects and materials. 
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LESSON 7: Using the computer model to quantitatively represent the sizes and 
weights of objects and the densities of their materials (the 
computer program as quantitative modeling tool) 

Objectives: become familiar with the computer model as a way of representing real objects and 
materials; begin to focus on the quantitative aspects of the model - specifically, seeing 
weight and density as two distinct quantities; obtain another procedure for finding relative 
densities by comparing the sizes of equal weight objects. 

I. Students are shown some qualitative models of objects and asked to make judgements 
about their relative weights. For the qualitative model we represent an object's relative 
density by how darkly it is shaded. We propose that although qualitative models are useful, 
they are sometime , ambiguous. We highlight ihis ambiguity by showing a qualitative model 
of an object which couki con'espond to two or more real objects. Consider a large grey 
object. Is it heavier or lighter than a smaller black object? Certainly a large piece of wood 
weighs niore than a penny. Yet the same piece of wood could be lighter than a small piece 
of lead. We could also find a piece of wood larger than a penny which will be lighter in 
weight than the penny. This demonstration makes it clear that a weight judgement based 
solely on qualitative representations can be quite arbitrary and unreliable. An explicit 
rationale emerges for shifting from qualitative models to wore quantitative niodels and 
motivates the need for more precision. 

II. Students are guided through a series of activities which lead to an understanding of how to 
model an arbitrary object on the computer using the Weight and Density program. In a step- 
by-step progression, they are urged to focus on real objects' relative sizes, weights, and 
densities by selecting appropriate representations of these dimensions on the computer. 
We start with having them represent different groups of cubes of the same material. Then 
they have to represent cubes of different materials. In a demonstration, students see that 
three cubes of aluminum are equal in weight to one steel cube. They must represent the 
steel and aluminum pieces on the computer by selecting appropriate materials - two 
materials with a density ratio of 1:3. By the end of the lesson students are expected to 
accurately model other pieces of steel and aluminum which are equal in weight. 

III. For homewori<, students fill out a wori<sheet which has them focus on the arvDunt of one 
material needed to balance the weight of a specified amount of a different material. They 
also need to think about how these materials, their weights and amounts could be 
represented on the computer. 

LESSON 8: Exploration of the computer model as a way of exploring ideas 
about real materials 

Objectives: use the corrputer model to explore aspects of objects with regard to weight, shape, 
size, and density of material and compare findings with real objects and materials; gain 
experience working with the three interdependent quantities (2 of which are extensive and 
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1 of which is intensive) and seeing their relationships to each other mathematically and to 
real objects and materials. 

I. Short review of how steel and aluminum pieces were modeled on the computer. Students 
are asked to think about whether or not the density of a small piece of aluminum is the same 
as a large piece of aluminum and to make judgements about the relative weights and 
densities of a small piece of steel compared to a large piece of aluminum. They also should 
think about how much more aluminum than steel would be needed if their weights are to be 
equal. 

II. During Jiis lesson, students use the Weight and Density program to explore ideas about 
real materials. For example, students add and remove material from objects and observe 
the consequences this has for the objects' weight and density. There is also futher 
emphasis on clearly distinguishing the dimensions and focussing on their precise 
quantities. Students construct objects according to given specifications. For example they 
must create two objects which are the same size but different weights, then copy the 
objects and data. 

III. We a!so begin to explore the meaning of a size unit through the use of the computer 
program and real 1cc cubes made of various materials. Students drop 1 cc cubes into a 
graduated cylinder and see how the principle of water displacement as way to measure 
volume worths. They also see that an object made of clay can be distorted in shape but its 
volume as measured by water displacement will be presen/ed. They are given the chance 
to guess the volume of some objects. We point out that the computer program counts the 
total volume of objects and gives that information as size units, but cannot show the three 
dimensional shape of objects. 

IV. Students also wori< with objects represented in the "filled in** mode on the computer 
whereby reliance on numerical data is encouraged. 

LESSON 9: Emphasizing quantitative aspects of the model In order to explore 
level of submergence and the formal definition of density 

Objectives: further experience with ordering and to focus on finer quantitative differences in the 
weights, sizes, and densities of various objects and materials; review procedures for finding 
densities; using the model to find out about level of submergence 

1. We begin to formalize the definition of density. The students are challenged to figure out 
the density of the maf ^rial an object is made of if the only information available is the object's 
size and weight. We emphasize that density is a relationship between fazb and weight, not 
simply one or the other. We review three procedures for obtaining information about 
density: comparing equal size pieces, comparing equal weight piecos, or dividing the 
weight of one object by its size. II. Next students are shown in a demonstration that equal 
size pieces of different floating materials, such as wood and styrofoam, float at different 
levels. They use the Sink the Raft program to explore the behavior of different size objects 
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made of various materials in order to discover the '^rule*' associated with a floating object's 
level of submergence (i.e. if the density of the object is *o' and the density of the liquid is T 
then 'o/r of the object's volume will be submerged.) This further highlights the notion that 
the quantitative model is more useful in certain circumstances than is a qualitative one (such 
as the shading intensity model.) 

LESSON 10: Wrap-up 

Objectives: review; relate what has been iearned to some new contexts - how Archimedes solved 
the crown i^roblem, panning for gold 

I. We review the points that have been made throughout the unit as a prelude to handing out 
a reading conceming Archimedes. We review that materials can be characterized by their 
densities and the various procedures for finding information about what their densities are. 
Students read the Archimedes story and tr>' to think of how he solved the problem of the 
crown. (The problem is: Archimedes knew how much a chunk of gold weighed, and he 
knew that the crown weighed this precise amount, but how could he be sure that the crown 
was pure gold?) 

IL We also use a 3-2-1 Contact television show segment to cap this unit. The segment shows 
how the density concept is related to the practice of panning for gold, how the density 
concept is similar to the idea of packing, and introduces the principle behind the way 
submarines work, i.e. by increasing or decreasing the p.-oportion of air in the ship. We pick 
up on this notion of mixed materials and average density in the third unit. 
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UNIT1: 
Worksheets 



FL&S2 

Worksheet #1 

NAME: 





THINGS THAT SINK 




THINGS THAT Ft OAT 


#1 


#1 


#2 


#2 


#3 


#3 


#4 


#4 
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n 
W 

_i 
u. 



DESCRIBE 
(What is the object?) 



PREDICT 
Will it Sink or Float? 



GIVE REASON 
Why Is it (loaling or sinking? 



CHECK 

Put in ;«'ater. 
Does itsinkoriiaoi? 



CHANGE REASON 

Do you tiave a new reason to 
explain wliy it is floating or sinking? 
(IF yes: Wtiat is it?) 



#1 



»2 



#3 



#4 
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#5 
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Worksheet #2 



MATERIAL: 



Describe Object 



Does it Float or Sink? 



ERIC 
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Name: 

MATERIAL: 

Describ' Object Does it Float or Sink? 
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CO 

2 MATFRIAt • 


MATPRIAI • 

IVIM 1 C III ML.* 


Describe Object Does it Float or Sink? 


Describe Object Does it Float or Sink? 




















• 















WHAT WAS THE PURPOSE OF THE EXPERIMENTS? WHAT DID YOU FIND OUT? 



0 
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Worksheet #3 



I Ordering Objects bv Weight 
Heaviest 



Describe 
Object 



FI&S3WS 



Name: 



Lightest 



Sink or 
Float? 



IL Ordering of Materials bv Density 
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List Objects 
made of 
Given Material 



Sink or 
Float? 



Heaviest Kind of Material 



Lightest Kind of Material 
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Name: 



Worksheet #4 



Wood Hard Rubber Copper/Brass 



1. Model Che three pegs of wood, hard rubber and copper (or brass). 
Your model should show that they are all made of different materials 
and shnw the heaviness of each kind of material. 

2. Model the large piece of wood and the penny (or small brass piece). 
You shojxd be able to tell what material each object is made. of 
and how big it is from your model. 



ERLC 
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Worksheet #5 



Name: 



FI&S5 



Findino a rule for floating and sinking 

1. When do objects sink or float? Trying different kinds of liquids, 
a) Does an object made of GREEN 



Float 

or ? 
Sink 



Green 



Purple 



material float or sink in these liquids? 
White Orange 



♦ n 

9 « 



Blue ^ Liquids 



b) Does an objec^made of PURPLE Q] material float or sink in these liquids? 
Purple j*^ White Orange 



Float 

or ? 
Sink 



Green 



Blue V] ^ Liquids 



:0 



Float 

or ? 
Sink 



c) Does an object made of WHITE till material float or sink in these liquids? 
Green 



• 


Purple 


White 


• 


Orange 


• • 


Blue 














« 4 



^ Liquids 



d) Does an object made of ORANGE 
Green 



material float or sink in these liquids? 



Float 

or ? 
Sink 



Purple p "^ White 



Orange 



Blue 



Vj ^ Liquids 



e) Does an object made of BLUE 
Green 



• 



Float 

or ? 
Sink 



Purple 



White 



material float or sink in these liquids? 
Orange 



Blue 



f 



^ Liquids 



2. What ic ^ general rule for floating and sinking? 
(Hint: Lues the kind of liquid matter?) 
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Worksheet # 6 Name: Fi&se 



Testing the Rule for Floating and Sinking 



1. Experiment: Set up an ORANGE object in PURPLE liquid. 

It is sinking. Can you change the size (and the mass) of this ORANGE object to 
make it float in this PURPLE liquid? Why or why not? 
(Try to predict first) 



2. Exp eriment : Set up a WHITE object in GLUE liquid. 

It is floating. Ca.i you change the size (and the mass) of this WHITE object to 
make It sink in this BLUE liquid? Why or why not? 
(Try to predict first) 



3. Does changing the mass of an obj'jct by making it bigger or smaller change 
whether it will sink or float? 
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KEL-F 



nCRVLIC 



Name: 



FI&S7 




Worksheet #7 



1. KEL-F and ACRYLIC are two different kinds of plastic. One (1) barcf KEL-F plastic weigh: the same as two (2) 
bars of ACRYLIC plastic. (All the bars are the same size). 

Which plastic Is denser, KEL-F or ACRYLIC? 

Make a picture to show hov/ you v/ould model one bar of KEL-F und one bar of ACRYLIC 
on the computer. 



KEL-F 



flCRVLlC 



2. Here is a model of two objects made of different materials, wood and vulcanite. 



UULCHNITE 



mooD 



Which one is made of a denser material? 



Add on or lake away some wood in the drawing to make the two objects weigh the same. 
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3. One (1) liter of mercury v/eighs the same as 5 liters o( gold paint. Which is denser? 

Make a picture to show how you would model a liter of mercury and a liter o( gold paint on the computer. 



MERCURV 



GOLD PRINT 



ERIC 
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Worksheet #8 



Name: 



FI&S8 



1. Make 2 objects on the computer that are the same size , but one is made of a denser material 
than the other. Copy the data below. 



Object A 

(made of de nser materia^v 



Object B 

(made of a less dense materia^ 



SIZE= 



WEIGHT=^ 
DENSITY= 



units 
.units 
units 



SIZE= 



WEIGHT=. 
DENSITY= 



units 
. units 
units. 



2. Make 2 objects on the computer that weigh the same , but one is s maller than the other. 
Copy the data be tow. 



Object A 

(smaller obied) 



Object B 
(larger Qbjgct) 



SIZE= 



WEIGHT=^ 
DENSITY= 



units 
. units 
units 



SIZE= 



WEIGHT=^ 
DENSITY= 



units 
. units 
units 



3. Make 2 objects on the computer with material of the same density : one weighs more 
than the other. Copy the data below. 



Object A 
(heavier object) 



Object B 

(lighter object) 



SIZE= 



WEIGHT=^ 
DENSITY= 



units 
. units 
units 



SIZE= 



WEIGHT=^ 
DENSITY= 



units 
. units 
units 



4. Construct an object that is made of material twice as dense as the material in this object (O^'ed A), 
but which weighs the same as Object A. 



Object A 



Object B 



SIZE= 



WEIGHT=^ 
DENSITY= 



units 
. units 
units 



?i?.E= 



WEIGHT=. 
DENSir/= 



units 
.units 
units 



lie 
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EXTRA PROBLEMS FOR WORKSHEET 



1 . Constaict these 2 objects on the computer, 
the size of one of them. 



Then, make them weigh the same by changing only 



Solution: 



2. Construct these 2 objects on the computer. Then, make them weight th^ 
material of one of them. 



e by chaning oinly the 



Solution: 



Homework for Lesson US Name: 



FI&S8HW 



1. 



Object A 



Object B 



Object C 



a. Order these 3 objects by SIZ6; 

LARGEST 



SMALLEST 



b. Order these 3 objects by WEIGHT : 
HEAVIEST 



LIGHTES'. 



c. Order these 3 objects by f- 3 DENSITY o( the material they are made c, 

MADE OF DENSEST 
MATERIAL 



MADE OF LEAST DENSE 
MATERIAL 



2. Compute the DENSITY o( the material each of ject is made o(: 



□ 



SIZE = 8 S/u 
WEIGHT = 8 W/u 
DENSITY = ???? 



SIZE = 1 S/u 
WEIGHT = 5 W/u 
DENSITY = ???? 



cm 



SIZE = 3 S/u 
WEIGHT = 9 W/u 
DENSITY. "??? 



(You may (ill in the boxes with the right number o( dots) 
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WORKSHEET # 9 

NAME: 



inokino for a rule to pre dict the level of submercence 

I a) Set up some BLUE LIQUID on the computer. Construct a FLOATING OBJECT, 
Gez all the DATA and VIEW BOTH the cbjec-c and the liquid. 



What material did you pick? 



How much of the obfect is submerced? 



b) Make the object very BIG. Again, VIEW BOTH the object and the liquid, 
Hov/ much of the object is suL-^ erced? . « 

c) Now, make the object very SflALL. VIEW the object and the liquid again, 
Hnw much of the object is submerced? _ 



d) What have you noticed about the level of submergence for objects made of 
this material floating in blue liquid ? — 



2. a) Now, using the SAME BLUE LIQUID, construct a FLOATING object n^de of a 
DIFFERENT material. Get all the DATA and VIEW BOTH the object and .he liquid. 



What material did you pick? 



Hnw much of the obiect is submerced?- 



b) Make the object very BIG, VIEW the object and the liquid again. 
How much of the obiect is sub merced? 

c) NOW, make the object very SMALL, VIEW the object and the liquid again. 
How much of the cbiect 1 su>:merced? 



d) What have you noticed about the level of submergence for objects made of 
this material floating in blue liquid? 
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3. How can we tell the level of submergence for a floating object? What :Jo 
you think the rule is? 



4. a) Now set up some ORANGE LIQUID. Predict how much of a small green object 
will be submerged. Try it. How much of the object is submerged? 



b) Predict how much of a laroe oreen object will be submerged in this 
orange liquid. Try it* How much of the object is submerged? 



5. Did your rule work? YES NO 



-If you need to change it, what is your new rule? 



6. See if your rule works for all floating objects. 
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The Archimedes Story 



Students read a story about Archimedes, in which he solves a 
problem for the king. Students are to try to solve the problem 
themselves based on what they know about density and mater. al 
k i nds • 

The story begins when the king gives some gold to a 
goldsmith to have his crown made. When the king gets his crown 
back, it weighs the same as the original amount of gold, but he 
suspects that the goldsmith tried to trick him and that the crown 
is not all gold. The king thinks that it might have been made 
from a different material which looked like gold. 

Archimedes was a clever person who the king trusted. The 
king asked Archimedes to tell him if the crown was really gold or 
not. Archimedes thought about the problem for severa-l days. The 
answer came to him suddenly one day while he was in the bathtub. 

If you understand the following, you have enough information 
to solve the problem. 

- Density is a property of materials - that is to say it is 
one way that we can tell one material from another, and the 
density of a material is the same whether we have a big piece or 
a 1 i tt le p iece of it. 

- There are ways of telling whether one object is made of a 
denser material than another one: 

- If a clump of one sinks and a clump of the other 
floats, the sinker is made of denser material. 

- If both clumps float, then the one which floats at a 
lower level of submergence is made of denser material. 

- If we take two equal size objects, then the heavier 
one is made of denser material. 

- If two objects weigh the same, then the smaller one 
is made of denser material. 

- We can figure out the density of the material an 
object is made of by finding out how big the object is, 
finding out how much it weighs, and computing its weight for 
sire or weight oer volume. (That is, weight divided by 

s i ze ) . 



- We can get information about how big a sinking object 
is by putting it in a container of water and observing the 
way the water level changes. 
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UNIT 2: 
Thermal Expansion 
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UNIT 2: DESCRIPTION OF LESSONS 

LESSON 1: Review 

Objectives: assess (through written test and discussion) where students are and what they have 
retained form last unit; give review of: how objects were modeled on the computer; 
difference between weight and densfty; density formula and obtaining weight and volume 
measurments 

I. Students are given a review test (see Appendix 2b). The items most related to -nodeling 
are an ^interpretation' task and a translation' task. For the former, students are shown a 
range of objects as they would look on the computer screen and asked to make 
judgements regarding their size, weight and densfty. For the latter, students are shown a 
range of objects which are more realistic in appearance and for which verbal information is 
given. They are asked to represent these objects as they would look on the computer 
screen. 

II. The test is discussed ir. class. 

LESSON 2: Beginning to model the phenomenon of thermal expansion 

Objectives: formally introduce phenomenon; have students create a model for it and elicit their 
thoughts about it; begin to have students consider and reason about what happens to a 
material's density when heated; introduce some metaconceptual points about nxDdels: 
models represent important information - they give us information which is important for 
understanding something; models give us a picture or a way of thinking about things or 
events; ft is important for models to be consistent with phenomenon 

I. Students copy words from the board: thermal, denisty, volume, weight, phenomenon, 
expand. They are to find their definitions for homewori<. 

II. Students witness a demonstration in which a brass ball is heated until it expands and can no 
longer pass through a metal ring. They also see that the brass ball's weight remains 
constant. Students are asked to draw nxDdels of the phenomenon. In guiding this activity, 
the teacher briefly reviews the intended meaning of the word model (i.e. a way of showing a 
thing or event which gives a clear picture of important information and helps us think about 
it) and suggests that information about the ball's material kind, size, weight, and temperature 
are represented. After drawing their spontaneous models they are asked to think of how 
the phenomenon might be represented on the computer. They are invited to revise the 
computer model if necessary. 
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III. Examples of student models are then discussed with a focus on how material kind, weight, 
size and temperature were represented. Students ara also asked to start thinking about 
what happened to the material's density and how that can be seen in their models. One 
goal is to have them recognize that the most useful or complete nxKlels in this case give 
accurate information about material kind, weight, and size simultaneously. In the past, some 
students have offered suggestions for revising models under discussion. For example, 
some students who drew nnodels that consen/ed total number dots (i.e. weight) by 
decreasing the number of dots/box and increasing the nuber of boxes after heating have 
suggested lightly cotoring in the objects to show that they are the same materials. 

LESSON 3: Using thd computer programs to explore more models of thermal 
expansion 

Objectives: introduce computer programs which give two different qualitative models of thermal 
expansion - one continuous (-swelling*^ and one particulate ("atoms and springs- or "circles 
and squiggleg"); introduce metaconceptual points about the need to revise models and 
that more than one model can describe the same phenomenon; have students think about 
what happens to the material's density with expansion 

I. In this lesson students explore the thermal expansion phenomenon via the computer 
simulation. At first the teacher guides thern through the use of the program and they 
become familiar with its similarities to z^i differences from the previous programs. In this 
way their attention is drawn to how the modv9l was revised. Furthermore, they obsen/e that 
this computer program now provides two separate ways to represent the same object on 
the screen. They are free to switch from one representation (grid and dots) to the other 
(circles and squiggles). 

II. Following the directions on a worksheet, students then go through a series of computer 
based activities the purpose of which is to use the models and data to discover what 
happens to the size, weight, and density of materials with an increase in temperature. With 
the new model, the visual image of density is liberated from its previous fundamental tie with 
material kind. Hopefully students are ready to conceptualize density as a separate aspect. 

LESSON 4: Quantitative aspects of the new phenomenon and model 

Objectives: motivate reliance on formal definition of density; gain experience distinguishing 
quantities of weight, volume, and density; stress importance of standards 

I. Go overhomewori<. 

II. Students continue to wori< with the computer simulation following the directions on a 
wori<sheet. Whereas the previous lesson was designed to involve them in interpreting the 
model on a qualitative level, this lesson's activities have them focus on the actual quantities 
and how they are calculated. We spend a little time on the meaning of decimals since the 
densities of some objects* materials will be given in decimal notation. This is done briefly - to 
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the extent that students should recognize a decimal number less than 1 , between 1 and 2, 
and so on. 



III. Since the boxes which stood for size units in previous programs are now expanding, we 
discuss the meaning of the data related to size. We can now no longer simply count boxes. 
Students can experiment with sets of 1 cc cubes to see that when the length of one side of 
a cube doubles or triples, its volume increases 8 and 27 fold respectively. 



LESSON 5: The effect of thermal expansion on sinking and floating and the 
presence of the phenomenon around us 



Objectives: obsen/ing and reasoning about the effects of thermal expansion on the density of 
liquids and how that relates to sinking and floating; presentation of the ice "anomoly"; (other 
things that could be worked into this lesson include: gaining a qualitative understanding of 
the fact of different rates of expansion for different materials and discussion of technology 
as a way of using physical phenomena to do useful work for people.) 

I. Students are again asked to come up with their own models of a pailicular phenomenon 
and think of ways to apply the computer model to what they see. A demonstration is given 
in which an object made of styrofoam covered in clay is immersed first in hot water and then 
in cold water. The object sinks in the hot water and floats in the coW water. 



One purpose of this activity is to see whether they can both adequately explain and 
represent the phenomenon. A number of pieces are thus brought together: the students' 
understanding of thermal expansion and the relative density rule for the behavior of objects 
in liquid, as well as the ability to portray them. 



III. We note that usually objects expand when they are heated. There is a very common 
exception to this mle: ice. Ice cubes float in water. How would the world be different if ice 
were denser than water? 



IV. Other topics for discussion: Why must we allow for thermal expansion in construction? How 
can we use thermal expansion to do work for us? (Thermostat demonstration) 



LESSON 6: Maps and modeling 



Objectives: empnasize metaconceptual aspects of modeling; have students gain practice 
evaluating models expecially in relation to their consistency, usefulness, likeness to or 
interpretation of reality 



This lesson is designed to make some explicit points about nxxJels in general. First, 
characteristics of models are examined via discussion about maps. Various maps of the 
Boston area (such as a subway map, street map, surrounding highway map, and souvenir of 
buildings map) are distributed among the students. Students describe their maps and the 
points which are made during discussion include: each map tells us something different 
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about the same area - different kinds of information are given in each map; one map is not 
better than another - a map's value is dependant on its usefulness for a given purpose; the 
map should he reliable and accurate for its purpose; the map has a consistent code, key, or 
method of representation. 

II. Students then fill out a worksheet which asks them to evaluate some different models 
related to thermal expansion. Students are told that the explicit purpose of the model is to 
accurately show what happens to a brass chunk's size, weight and density after heating. 
They are to decide whether or not this information has been portrayed. 

III. A good followHjp activity this would be to have students make further judgements about the 
adequate models and decide which of them might be the most fruitful or helpful. IV. Closing 
discussion invites students to think further about why people make models and why we 
have used models during class. Their ideas have included that models are used for: 
reference; to see your ideas; for fun; to see if something works. These points are 
reinforced by the teacher who adds that: sometimes we can do experiments with models 
that would be more difficult to perform on a different scale; the computer programs were 
developed to help make some difficult ideas easier to see and work with; sometimes by 
working with a model and exploring its implications, one confirms or disconfirms his or her 
ideas about what something is and how it works and in that process gets more new ideas. 
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UNIT 2: 
Worksheets 



REVIEW TEST 



NAME: 
DATE: 



at 



fl. Here are four objects. 



« * 1 

• # • • 



• • • • 



fl 



B 



D 



1. Acccrdir.g to the computer mcdei, which is the BIGGEST object?. 

Whci is its size? 

Which object WEIGHS tiie most? 

How miuch does it weich? 



Which is m.ad9 of the DENSES i mEteriHl? . 
What is its densily? 
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2. Here ore three cylinders. 





fl and B are the same SIZE. B and C are made of the same MflTERlflL . 

fl and C lUElGH the same amount. Dram a picture mhich shoms hoiu these 

objects mould be represented on the computer. 



IB 



(D 



B. Carefully describe some of the differences betmeen 
meight and density. 
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ABC 
Tnsy £r£ maca rVcm tvvc ciffersnt rriaterlaSs. 
Hew could ycu fir.d cut which cbject weighs the rr.cst? 



D 



Hew cculc ycu 5cure cut which rrisienal is censer? . 



C. 1. Thiscbiect ;e!chs 20 crH.T.s. 



Rs size IS 5 cc's. What is the density cf the maienal it is mace from? 



Z. Tne density cf water is 1 cram percc Hew much dees 100 cc'^ 
cf v;ater weigh? 

3. Tnis beaker has 50 ce's cf water in tL 



A ch-^nk cf geld is uiA inte the water • 
and the level rises to 60 cc. 

What is the volume of the gold chunk? 



£0 



What is the volumie cf the water? 
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WORKSHEET for 3rd class 
NAME: 



DATE: 



1. Create an object. 

Chance the object's SIZE by ADDING or RE..OVING MATERIAL. 
AS you do this what hapcens to the object's WEIGHT? 



Hew do you knew? 



Is it still n-ade of the SAME MATERIAL as before? 
Hew CO VOLT knew? 



Does it stiH have the SAME DENSITY^ as berore? 
How do you know? : 



2. Create ano::her object. 

Change its SIZE by cr^ncinc the TEMPERATURE. (Make it bigger 
As you do this wh£t haccens to the cbjer-t's WEIGHTZ 




Hew do you know? 



Is it still rnade of the SAME MATERIAL as before? 
How do ycu know? 




Does it still have the SAME DENSITY as before? 
How do you know? 
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3. N.-.W create .n object and ohan.e Ite REPRESENTATION fro. dote 

and boxes to dots, circles and squlggles. 

Change the object's SIZE by ADDING or REMOVING MATERIAL. 

A3 you do thl3 what haPPene to the object's WEIGHT? 



How do you know? 



Is it still made of the SAME MATERIAL as before? 
Hew do you know? . 



Does it still have the SAME DENSITY as berore? 
How CO you knew? « 



^. Creare enotf^er cbjecr and use tne dots, circles and s=;u,-==Ies 
rs^res sntsiz ? on • 

C^-^nce its SIZE by changing the TEMPERATURE. (Make it bicger.) 
AS you do this wh^t hancens to the object's WEIGHT? 



How do you know? 




Is ft still made of the SAME MATERIAL as before? 
How do you know? 



Does it still have the SAME DENSITY as before? 
How do you know? 
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5. Does one of the representations (models) make more sense to 
you? , 



Explain your answer. 
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/*' WORKSHEET for 4th lesson 
NAME : 



DATE: 



1. BUILD two identical objects on the screen. (They should be the ScK.r<\<^ 
sire, made of the same^mater ial , and be at the same temperature.) 



Get all the DATA and copy it below: 



(LEFT SIDE) (RIGHT SIDE) 

Temperature: . Temperature: 

Total Weicht: Total Weicht: 

Volume :_J Volume: , 

Densi ty i Densi ty r 

Increase the temperature of the object on the LEFT SIDE and copy -the 
data for it below: 



(LEFT SIDE) 
Temperature 
Total Weisht: 

Volume r 

Densi ty : 



Did the WEIGHT chans©? C yes no ) Is it crester or less? 

Did the SIZE chance? ( yes no ) Is it sreatsr or less? 

Did the DENSITY chance? ( yes no > Is it greater or less? 

Did the kind of MATERIAL chance? ( yes no ) What kind of material 
is it? 



2. BUILD an object that has this data: 

Temperature: 20 Tu 
Weicht: 5 Wu 
Volume: 1 Su 
Density: 5 Wu/Su 

Draw a picture of the object below: 
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3, BUILD two objects that are the SAME TEMPERATURE, but one is DENSER 
than the other • Draw the two objects below: 



Can you make the denser one LESS dense by curtinc away or removinc some 
of i ts material? 



How do you know? 



Can you make the denser one LESS cense by increasinc its tsnperature? 



How do you know? 



4. Find the object Cor objects) in the program with rhe LEAST density. 
What is the density? 



What material is the object made of? 



5. Find the object (or objects) in the procrara with the MOST density, 
What is the density? 



What material is the object made of? 



lis 



1 • 

€. BUILD two objects that WEIGH the same at different temperatures. 
Copy the objects below: 



BONUS QUESTIONS : 

7. BUILD the two objects that look like these: 

Are they the S^E SIZE? 
Why or why not? 



Check the data. Explain how the computer finds the VOLLflE. 




8. BUILD two objects that lock like these: 



0 



Do they have the SAME DENSITY? 
Why or why not? 



Check the data. Explain how the computer finds the DENSITY. 
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Worksheet for 6th class 



DATE : 



NAME: 

The models below are supposed to show what happens to a chunk of 
brass after ft fs heated. 

The PURPOSE OF THE MODELS is to ACCURATELY SHOW what happens to 
the brass chunk's SIZE, WEIGHT, and DENSITY. 

You sre to dec ids whether the models shewn below serve the 
purpose we 11 . 

Circle the aiccels you think serve the purpose well. 
CIn models 1-5, a DOT stands for a wefcht unft ) 



1. 



33 



2. 



r 



Befell 



be- 





ill \MMM 



11 




(In model 6, a DOT stands for a temperature unit) 



6. 




(In model 7, the SHADING stands for dens Ttv) 



7. 




(In model 8, the SHADING stands for temcerature) 



8, 



o 



(In model 9, the DARK COLOR means creater) 
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UNIT 3: 
Average Density 
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UNIT 3: DESCRIPTION OF LESSONS 

Overall objectives: experience with boats and objects with mixed materials, experimenting, 
gaining first hand knowledge, checking intuitfons, discovering new questions; 
distinguishing between a material's density and an object's density; getting to some more 
formal definitfons or prindples concerning boats - two ways to describe the volume of a 
container: there is the volume of the container itself and the volume of the container plus 
the volume of what is contained (even if that is just air.); explore the meaning of concave, 
catching, enclosing; aniving at some understanding of how density is affected when 
materials are mixed; tow to order objects according to their densities when they are made of 
various porportfons cf different materials; how much of a sinking material is needed to make 
a floater sink? how mcuh of a floating material is needed to make a sinker float? moving 
toward the notion of averaging and not adding/s^ubtracting densities. 

LESSON 1: 

I. On a pre-te«t. students are asked to make judgements about the density of some objects 
composed of a mixture of materials. These objects are represented in two different ways. 
For some tasks they are represented with the grid and dots model: an object is composed 
of building blocks that have two different numbers of dots/box. For other tasks the objects 
are represented with the shading intensity model - that is. they have differing proportions of 
lightly colored and dari^ly colored materials. 

1. Students are now given a kit with some clay and odd pieces of styrof cam, wood, and 

ceramic. They are to create objects which they think will meet the challenge. The following 
day, they will test and revise their ideas. 

LESSON 2: 

I. Students try out their ideas by placing objects in pans of water. They note which ideas 
wori<ed and which didnl and any new ideas that come up. 

II. They should see that combining the clay with another material such as styrofoam or 
fashioning the clay into a boat or Tsubble" will enable it to float. 

III. Using the computer model as a reference, students are encouraged to describe ways of 
representing the mixture of materials and use this model along with their empirical 
knowledge to come up with a meaningful ^ay to consider and talk about the overall 
(average) densities of the objects and the effect that changing the proportions of a mixture 
can have on the objects' densities. 
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LESSON 3: 

L Students use the second part of the Sink the Raft program along with a wor1<sheet. This is a 
new version of the sinking and floating simulation used in S/F Lesson 6. This version allows 
them to explore the consequences of putting a '^hole'* or air bubble inside of solid objects 
and immersing these objects in liquid. Students use the visual model and the on-screen 
numerical data to find patterns about average density and sinking and floating behavior 
related to changing the ratio of material to "air. 

11. Go over worksheets arxl hand out homework assignment. The assignment asks students to 
judge whether a range of objects made of mixed materials would sink or float, and to 
calculate and order them by their average densities. All the objects were represented using 
the grkl and dots model. 

LESSON 4: 

I. Go over homework, 

II. A nxxiel of a boat is proposed whk:h begins by taking an object with a hole In it (as portrayed 
on the computer) and then moving this hole closer and closer to the top of the object until it 
causes a break in the object's surface. 

III. During discussion, students figure out which of a series of boat-like objects drawn on the 
board will sink or float based on the average density of objects (or the relative amounts of 
material and air.) They then create their own sinking boats and floating boats made out of 
clay. 
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NAME: 



DATE: 



Here are three objects. 



ABC 

Acccrcing to the ccrr.puter mccsl, 

£) Which object has the greatest density? 
Hew CO you knew? 

b) Which object has the greatest size? _ 
How do you know? 

c) Which object has the greatest weight? 
How do ycu know? 



Here is an object 

made of two different materials. 

Its average density is... 
a) fess than 1 b) between 1 and 2 c) 3 d) 18 
(circle your answer) 




121 



NAME: 



Here is a chunk of very dense material. 
Here is a chunk of not so dense material. 

The following objects were made by com/oining the two 
materials in different proportions as shown. 



A B CO 

Do these objects have the SAME average cs.-.sriy? 
(Circle the ans'wer) 

a) Yes, ALL of t^^sm do. 

b) Yes, SOME cf thsrn do. (Which ones? ) 

c) No, NONE of them do. 

How do you know? Briefly explain your answer. 




if they do not all have the same average density which one or 
ones have the GREATEST average density? 
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Here are models of six different objects. 



% • • • 



* I * 



SF SF SF SF SF 



S F 



Here is a m'-ce! of a tub of licuid 



Predict whether each object would sink or float in the liquid. 
Circle the S for SINK or the F for FLOAT underneath each obiect 



123 



name: date: 

Worksheet ror Lesson 1 



WRITE DOWN AT LEAST 4 OR 5 IDEAS FOR MAKING THE OLAY FLOAT. YOU 
CAN DESCRIBE OBJECTS THAT YOU HAVE MADE, OR DESCRIBE IDEAS THAT 
YOU WOULD LIKE TO TRY OUT. 

1) 



2) 



3> 



4) 



5> 



Use the back of the page if necessary. 



CHALLENGES: Can you make ALL the clay float? 

Can you make the clay float without using any other 
Q material? 
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Worksheet for Lesson :] 



1) ELIJE IS VERY DENSE (MATERIAL. A CHUNK. OF BLUE MATERIAL WILL 
SINK IN EVERY OTHER COLOR LIQUID. 

CAN YOU FIND A WAY TO MAKE BLUE MATERIAL FLOAT £Y USING THE 
COMPUTER PROGRAM? 



DESCRIBE THE BLUE OBJECT OR OBJECTS WHICH FLOAT. 
(Draw a picture, u;rite down the dats., describe tne object and 
the liquid in which it is floating.) 



WRITE SENTENCE CR TWO ABOUT HOW YOU CCULD GET BLUE MATERIAL TO 
FLOAT. WHY DO THE OBJECTS FLOAT? 



2) FIND THE BLUE OBJECT CR OBJECTS WITH THE GREATEST DENSITY. 
What is the density? 

Does it sink or float in orange liquid?^ 



DESCRIBE. (What does it look like? How big is it? How much does 
it weigh? Are there more than one?) 
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name: 



FIND THE BLUE OBJECT OR OBJECTS WITH THE LEAST DENSITY, 
What is the density?^ 

Does it sink or float in orange liquid? 



DESCRIBE. (What does it look like? How big is it? How much 
it weigh? Are there more than one?) 



3) CAN YOU MAKE AN ORANGE OBJECT FL.OAT IN WHIi=i LIQUID? 
WHY OR WHY NOT? (Describe or copy objects below) 



4) STATE A GENERAL RULE ABOUT SINKING AND FLOATING. AN OJBEC 
WILL FLOAT IF . . . 
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f) WE CANNOT GET A PURPLE OBJECT TO FLOAT IN GREEN LIQUID. Why 



can-'t uie aet it to float? 



WHAT WOULD WE NEED TO DO IN ORDER TO GET A PUFPLE CBwIECT TO R-OAi 
IN GREEN LIQUID? If you could revise the computer program^ what 
would you do? 



6> EXTRA CHALLENGE: You have a^.^^eady found the densest and least 
dense blue objects. Experiment with the computer and work with 
all kinds of blue objects - different sizes, with and without 
holes. Find a way to order the objects according to their 
density. Draw a picture of the objects ordered by their density 
bel ow. 
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NAME: 



DATE: 



(Lesson 3 homeworl^ 

Here are models of eight objects. 



S F S F 



S F 



S F 



S F 



S F 



* • 



S F S F 



B 



G 



H 



INSTRUCTIONS: 

1) Decide rf each object would sink or float in a tub of liquid that has 



Circle the S for SINK 
or the F for Fi_OAT 
under each object 



































• • • 




• • • 



























o 
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NAME: 



DATE: 



2) Order the objects according to their average density. 
Write their letter names here: 



densest 



If any objects have the SAME average density, be sure to say that 

3) CHALLENGE: CcTTSSuiB the avsrace densriy of each object 
Write down the average density of each object on the line 
underneath tt 

Use the space below for notes or calculations. 



object 



least 
cense 
object 
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Final Test 

NAME: DATE: 

Part A 

1. WRITE DOWN WHAT YOU THINK THE WORD "DENSITY" MEANS. 



2. Here is a block of wood which is cut into two pieces. 




(c) 



IS THE DENSnY OF BLOCK "fa" THE SAME AS THE DENSITY OF BLOCK "a"? 



Yes No 



3. Here are some statements about density. Circle the statements you 
think are correct. 

The density Ov a material may be changed by: 



a. taking a small piece off. 

b. heating it. 

0. a chemical reaction with another material, 
d. nothing. 
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Parte 

1. Here are four objects which have the following sizes and weights: 



SIZE: 4 cube units 
WEIGHT: 12 grams 



B 

6 cube units 
12 grams 



2 cube units 
6 grams 



2 cube units 
8 grains 



Think about whether any of these objects could be made of the same 
material. Circle the correct statements. 

a. Objects A and B COULD be made of the same material because they are 
the SAME WEIGHT. 

b. Objects C and D COULD be made of the same material because they are 
the SAME SEE. 

c. Objects A and C COULD be made of the same material because they have 
the SAME WEIGHT PER SIZE UNIT. 

d. NONE of the objects above co '^d be made of the same material. 



2. WHAT IS THE DENSITY OF THE MATERIAL IN EACH OBJECT? 



a. The density of the material in object A is: 

b. The density of the material in object B is: 

c. The density of the material In object C is: 

d. The density of the material in object D is: 



3. Here is an object made of two 
different materials. 



Its average density is... 
a) less than 1 b) between 1 and 2 c) 3 



d) 18 
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Part C 

Here is a chunk of very dense material. 
Here is a chunk of not so dense material. 




The following objects were made by combining the two 
materials in different proportions as shown. 













1 























B 



/•Do these objects have the SAME average density? 
(Circle the answer) 

a) Yes, ALL of them do. 

b) Yes, SOME of them do. (Which ones? ) 

c) No, NONE of them do. 



cS, How do you know? Briefly explain your answer. 



3* If they do not all have the same average density which one or 
ones have the GREATEST average density? 
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Part D 



Here are models of six different objects. 



• • • 



• ••• 

• • • • 



S F 



« ^ # • 
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SF SF SF SF 
Here is a model of a tub of liquid. 



S F 





• • 
























• • 



















/• Predict whether each object would sink or float in the liquid. 
Circle the S for SINK or the F for FLOAT underneath each object 

Briefly explain how you could predict if the object would sink or float. 
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PartE 



1. A piece of iron weighs 20 kg. at room temperature. 



When it is heated, it expands, but still weighs 20 l<gs. 
What has happened to the density of the iron? 



How do you know? 
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PartF 



The following questions ask you to think about two different ways to 
represent density. 

Here is a model of 3 objects. They are shaded. The darker the shading is, 
the denser the material. 



SHADING MODEL 



1. Can you tell the weight of each object using this shading model? 



Why or why not? 



Here is another model of the same three objects as they would appear 
on the computer 



T 



. I. 

1 - 



CDM^^'JTct^ MODEL. 



• # 
% 



• 



2. Can you tell the weight of each object using this computer model? 



Why or why not? 



135 



PartG 



Here is a shading model of an object and liquid. 




1. Using this shading model, can you tell whether the object would 
sink or float? 

Why or why not? 



2. If ycu think it floats, can you also tell how much af it would be submerged? 
Why or why not? . 



Here is a computer model of an object and liquid. 



3. Using this corr.j.jter modei, can you tell whether the object would 
sink or float? . 



Why or why not? 



4. If you thmk it floats, can you tell how much of it would be submerged? 
Why or why not? . 
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Part H 



1. Do you think one type of model (the shading type or the computer type) 
is more helpful than the other? 

Why or why not? . 



2. In general, did you find working with models in class useful for 
learning about the difference between weight and density? 

Why or why not? , 
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THE COMPUTER PROGRAMS 

The computer programs we have developed provide an environment where children can 
manipulate different elements that play a role in the notion of density and its relation to the 
phenomena of sinking and floating and thermal expansion. 

Sinking and ftoating are rich, interesting and puzzling phenomena. Because they are 
governed by a limited number of independent variables, it is possible to build a compelling 
microworid in which children can investigate and leam not only about the specific phenomena, but 
about scientific inquiry and experimentation as well. 

Our thermal expansion model was intended to help students conceptualize and envision 
density within another phenomenological context. The thennal expansion programs highlight 
how density is affected by volume change when the weight remains constant. 

We describe here the relevant concepts and variables, the graphic representations we 
chose for these concepts, the ways of interacting with these representations on the screen (the 
menu options), and the basic activities that the computer program can support. 

The Physical Concepts and their Representation in the Computer Programs 

In devising a computer simulation, many decisions must be made about what is relevant to 
represent, how information should be represented and the kind of accuracy which is desirable. In 
what follows, we discuss the particular choices we made as well as our rationale for such choices. 
We believe some of these choices and assuniptions are important to discuss with students as well 
if they are to understand how models con^espond to the real worid. 

In discussing size, weight, and density, we see that any two of these variable parameters 
can be thought of as independent. The two will then detennine the third. !r. the real worid, we may 
perceive and take weight and size measurements for objects and then deduce, infer, or calculate 
their density. These two extensive parameters of weight and size define, through a mathematical 
relation, the intensive quantity of density, which is the center and focus of our teaching effort. On 
the other hand, when creating objects or building from materials, we can use knowledge of the 
density of a material to figure out how much an object will weigh. An object's weight is a 
consequence of what material was chosen and how much of that material was used in fashioning 
the object. Furthemnore, there are circumstances in the context of thermal expansion, by which 
density changes are effected by changes in the volume parameter only. 

In later paragraphs we note which variables were chosen to appropriately function as 
independent or dependent in the computer programs. First we explain how each variable 
parameter is represented. 
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Size 

When the programs refer to size or when we speak of the size of an object in teaching, the 
pertinent physical parameter is volume. As a three-dimensional quantity (length to the third 
power), volume must be represented in a symbolic way on the two-dimensional computer screen. 
We decided against designing the program to show perspective and three-dimensionality 
because we wanted the model to depict only the information that is directly relevant to the 
phenomena or topic at hand. 

In the model, a unit of volume is represented by a two-dimensional square. Hence, there is 
a simple relation between the volume of an object and the abstracted represention of its size by 
the nun*er of square units on the screen. This representation of volume can be used for an 
object of any shape, so long as one bears in mind that it is a symbolic and not a pictorial 
representation of size. We are concerned with volume and not with shape. All shapes are 
reduced to their rectangular (or cuboid) volume equivalents. 

In class we discuss the meaning of size units by having students portray eight 1 cc blocks 
on the screen. In reality, these bkjcks can be ananged in several ways, including a 2x2x2 cube. 
We explain that we designed the computer program to count blocks but not necessarily to show 
shape, since size and not shape is more relevant to the notion of density. (We may, however, 
change this or add more options to the program later.) !n any case, the program can be useful 
even before the concept of volume is fully discussed in class. 

Weight 

The weight of an object is represented visually (in a quantitative and consistent way) by the 
total number of dots displayed within the object's perimeter. This is not an atomistic picture of the 
solid. It allows the concepts of weight and density to be well-defined without any atomistic theory 
of matter. This symbolic representation could, however, be interpreted later in atomistic terms. As 
we now interpret it, each dot represents one unit of weight. (Later we might interpret the number 
of dots in a cluster as being proportional to the number of nucleons.) The total weight of an object 
is thus represented by the total number of dots that represent ito weight in some arbitrary weight 
units. 

Density 

Density Is represented as the numbar of dots in each size unit. This visual representation 
helps connect the notions of increasing crowdedness with increasing density. Since, at the 
nrwment, all objects created in the model are honwgeneous, the number of dots per size unit is 
constant for any given object, thus conveying the notion of density as an intensive property of 
kinds of materials. 
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MaterialKind 

The computer allows users to define material kind in two independent ways: by density 
shown as dots per size unit or by color. So far we have described the dots per size unit option. 
When choosing the color option, the representation of weight and density by dots and dots per 
size unit are not visible. The object is presented as a soGd color within its perimeter. Each material 
is a different color so that materials are distinguished by color, rather than dots per size unit. 

In this mode there is no visually accessible representation of the variables of weight and 
density, but the spedfictty of materials is emphasized through another local property, color. The 
user can switch easily from one mode of representation to the other. 

Multiple Representational Features of the Programs 

Four representational devices are used in the microworid: verbal, pictorial, conceptual, and 
numeric. All can appear simultaneously on the same screen. In order to manipulate programs, 
students have to use the appropriate sdentlfic terms to articulate their desired changes. These 
changes are then reflected on the screen in three nrxxles: the pictorial representation of the 
phenomena, similar to an animation of an event; the representation of relationships anx)ngthe 
conceptual entities involved (such as a visual depiction of weight/size as dots/box); and the 
numerical representation for the quantitative aspects. To show the link between the visual 
displays and the values of the variables for each constructed object, the program allows the user 
to ''collect'* data about the size, weight, and density of any object displayed on the screen. When 
in the data nrxxJe, the data are displayed and updated as the user interacts with the program. 

Process and Interaction 

The microworid environment is divided into three main parts. Each part consists of two or 
more programs. The user can move from one to the other through a comnrwn menu at any time. 
Our programs are grouped to depict: 

A) Weight, size and density characteristics of objects made of different materials; 

B) Sinking and ftoating behavior of objects including objects of the same size, different 
sizes, depiction of the objects' levels of submergence in different liquids, and what 
woukl happen if a hole were put in the center of a given object; 

C) Thermal expansion. 

Part A: Building Objects 

The first part is designed for manipulating the weight, size and density of objects. The 
shapes of objects are limited to rectangles. 

Program 1: Modeling With Dots/ Weight and Density 

These programs are designed for building and manipulating up to three different objects in 
three separate windows on the screen. This can be done in the dots or color mode, with or 
without displaying the numerical data (see Rgure 1, next page). As seen in Rgure 1, the student 
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can •BuiW an object (in one of three windows) and "Change" its material and size. One defines 
the objecTs mode of presentation (dots or color) through the "Vjew/Hide" command. The "Collect 
data" command allows the user to display numeric information about the three variables 
independently. The user can also "Exchange" objects between windows. 

This program thus lets students explore the relationship anrK)ng the three parameters and 
perform tasks that involve ordering, building, or nxxJeling real life objects according to their 
different dimensions. From the user's point of view, weight emerges from density, since the user 
first selects a kind of material for an object and then determines the object's size. Thus, in these 
computer programs, the independent variables are density and size. These are the variables that 
can be selected and nrxxlified. The weight is determined by manipulating these two quantities. 

"Modeling with Dots" and "Weight and Density" are actually two versfons of the same 
program. The only distinction between them is found when asking for data. The "Dots" program 
gives data with the labels "dots", "size units", and "dots per size unit", while the other version 
gives data in terms of "weight", "size units" and height per size unit." Thus the Modeling with 
Dots program affords some flexibility in designing activities whtoh can deal with intensive 
quantities other than density (e.g., number of beads in a cup, number of pennies in a pile). 

Program 2: A Game 

The game part of the computer program is designed to give students practice with the terms 
weight, size, and density and to train them to distinguish these by using the connect language. In 
the game, the computer randomly displays an object of a certain size, weight, and density and 
challenges the student to build anothfer object while complying with certain restrictions. The 
constraints posed at random include: make a smaller object, make a smaller and heavier object and 
so on (see Figure 2). The student can pass to the next challenge after fulfilling each task 
requirement con'ectly. The answers are checked by the computer. A scoring system might be 
added to increase students' nrrotivation. 

Part B: Sinking and Fioating 

Because we wanted these programs to react to user input from the keyboard in a way that 
would truly simulate the behavior of real objects and liquids, the relevant principles were 
embedded into the program. In other words, the computer model is scientifically accurate; the 
mathematfcal rules that the computer uses in calculating and portraying experimental results are 
the same rules that govern the phenomena of sinking and floating. Thus the leamer can become 
familiar with the underlying principles and abstract mathematics of the pher>omena through 
interaction with thoir dynamic numerical and visual representations on the screen. 

The sinking and floating simulation programs we devised deal only with objects in the solid 
or liquid state, and assume constant temperature. Under these conditions, only three variables- 
size, weight, and density-are relevant to the phenomena of sinking and floating. 

Since our main concem is to facilitate understanding of the principles and rules involved in 
sinking and floating and not to build a tool for exploring every real-life possibility, we have limited 
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ourselves to a subclass of objects that are welhsuited to our current purpose. For the time being, 
we have also limited the objects to rectangles in their screen appearance; these rectangles stand 
for three dimensional objects, with the unseen dimension held constant. The objects consist of 
homogeneous materials or homogeneous materials with an air bubble in the middle of the object 
where noted. 

The sinking and floating program shows two-dimensional representations of solid objects as 
well as of liquid in a container. The assumption is that both the object and the container of liquid, 
in three dimensioris, would extend back away from the screen to the same extent. Of course, in 
real life, the object and container couM not be exactly equal in this respect. We chose to ignore 
this discrepancy, however, because we wanted to keep any and all measurable size (volume) 
quantities visible and to avoki having hidden liquki or container volume behind the object. When 
the user gets numerical data, it con^esponds directly to what he or she sees in the visual 
representation. FurtherrTK)re, this numerical data remains consonant with abstract principles as 
well as with actual (physical) measurement using suitable containers. 

Program 1: Archimedes 

In this program the screen she ws two distinct elements: an object of fixed size and a tub of 
liquid, also of fixed size. Students can perform "experiments*' in which the object is immersed in » 
the \]quki (see Figure 3). This is a continuaik)n of the first part of the program and enables the 
student to choose and manipulate several elements: (1) the object and the Tiquid in the container ^ 
by changing the materials; (2) the modes of presentation; (3) data collection; and (4) when to 
perform "experiments'*. 

The results of the experiments are shovm visually on the screen. The object submerges to 
a depth that takes into account the relative densities of the material and the liquid. Liquid 
displacement follows accordingly. Numerical informatton about the level of submergence is also 
available. 

The experiments can be done with both the object and the liquid represented in solid 
colors or in the dots mode. Once an object is immersed in liquid, however, it is represented as a 
solid color. This is to ensure a clear distinction between object and liquid borders. Even though 
the object is seen as a solid color, the -View- command enables the user to view the dot 
distribution in a small subsection of the object (see Figure 4). 

Additionally, once an object is submerged, the rise in the level of the liquid is portrayed in a 
solid cotor. Since, in most cases, the increase in liquid level will not be an integer number of units, 
we felt it best not to complicate the screen display with partial or "open- squares (size units). 

-Archimedes- is designed to enable students to explore the role of an object's and a liquid's 
densities in defining the outcome of a sinking and floating experiment. The approach we adopted 
was to keep the size parameter constant, thus concentrating student attention on the density 
parameter only. 
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Program 2: Sink the Raft 

Parti . In this part of the program, students can repeat the experiments afforded by the 
Archimedes program with one additional option. They can, in addition to all the other actions, 
change the size of the submerged objects and observe the effect such changes have on the 
outcome of the the sinMloat experiments (see Figure 5). The data are continually updated, 
indicating the size, weight, density, and the portion of the object submerged as the user 
experiments. All objects and liquids in this section are portrayed in solid color. If the user wishes, a 
small section of the object or liquid may be viewed in the grid and dots type of representation. 

Part 2 . We now lift a restriction from the system to allow students to explore increasingly 
complex situations. We leke the first step toward lifting the restriction on the homogeneity of the 
objects. The student can form an empty space in the middle of the object when she or he 
chooses to do so (see Rgure 6). 

At this stage of development, the size of the empty space t^, constant but we pran to add an 
option that will let the student control the size of the hole within the object's limits. When this 
empty space is created the density of the object changes. Accordingly, its behavior in the liquid 
can be observed. By choosing the right proportion of object size (this is within the student 
control) and the size of the hole the student can create a situation when an object made of a 
certain material can float in a liquid made of less dense material. That is t>ecause the average 
density of the system object plus empty space is beiow the density of that liquid. The program 
shows in the data window its average density and the sti'dent can follow the changes in these 
numbers when this proportion (betwaen object size and space size) changes. This program 
therefore can be used &s an introduction to the concept of average density and as a model by 
which one can explain how boats m3de of steel can float in water. The basic model behind this 
simulation is identical to that behind Archimedes and sink the raft, except that one restriction, i.e. 
the homogeneity of the object is relieved. 

Pan C: Thermal Expansion and Considerations Regarding Models 

In this part of the microworid concemed with thermal expansion, we have lifted the 
restriction of constant temperature for objects built by the user. In the thermal expansion 
programs the screen is split into two windows. The student can build two objects similarly to the 
way this is done in the Weight and Density program, with an extra option. That is, the user can 
change the temperature of the objects and observe any changes that consequently result in the 
weight, the density, and the size of the objects. 

In order to accomodate the new phenomena, we had to change our basic model somewhat. 
We will now elaborate some of the considerations we had when choosing the new model. 
Eventually the decision about which of several models to choose is arbitrary and the decision 
reflects a compromise between the need to be accurate in regard to the scientific explanation and 
the need to keep the model simple and in keeping with children's abilities. As we will see there is 
not one unique connect way to model this or any other phenomena. In order to convey this 
message of the possible existence of several models for the same phenomena - which is an 
important message for science tclwation - we have decided to develop two representations 
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based on two different models for the thermal expansion phenomena. The student can thus 
build objects and change them, change the temperature, and change the model by which the 
objects and the changes are represented. 

The equatioij we use for thermal expansion is: dV » Vo * dT * Cv where dV is the change in 
the object volume, Vo is the original volume, dT is the temperature change and Cv is the 
coefficient for volume expansion for that material. 

The main problem was how to represent this change of size without introducing the 
concept of volume quantitatively. In the physical worid, when an object expands each of its "size 
units** expands proportlonaliy and therefore a natural choice is to represent the expanded object 
made of bigger squares. In this case, the number of squares is conserved and so are the nunU^er 
of dots (weight units) per square. One can see in a natural way that the density changes. The 
same weight is in a bigger box or square. This change in density can be seen easily on the screen 
because the dots are spread out in a larger area. That is, they are distributed farther apart in each 
square and thus throughout the total object (see Rgure 7). 

There is one drawback to this representation. That is, the square loses its significance as a 
symbol for a standard unit size. The number of squares, which previously gave the object's 
absolute size, has remained constant. The student can see that the object gets bigger or smaller 
and that its density changes. However, he or she cannot find the new size and density from this 
conceptual model in the clearly quantitative tenns that were previously available. 

Since the main point of this part of the programs was to show the changes in density with 
tenperature in a qualitative way, we fett that it was justified to give up this quantitative option and 
to use this irodel as it is. The only way to overcome this problem was to superimpose on the 
expanded object a grid made of **unit squares** composed of the original size squares. This now 
grid cannot be used without a comprehensive discussion about the way to measure size, i.e. 
length, area, and volume. We wanted to avoid this in this stage, but it is pertiaps, a direction that 
should be taken in the future since its need arises naturally from the unit. The introduction of the 
**super- grW" will also cause another problem. That is. the representation of the density will no 
longer be the number of dots per unit square. 

In order to facilitate discussion about the quantitative changes that occur when the 
temperature changes we had two more versfons of the thermal expansion program. In one 
version, one can see in the data, the new calculated size (which is calculated con'ectly as the 
volume expanded) and the new density. In another version, the changes in size of the units with 
temperature are designed so that in each step the square side multiplies. This way we get 
squares that represent 1 . 8, and 27 units of volume. Our assumption is that the square expands 
in all dimensions as it is in reality including the dimension that goes into the screen. The round 
number for sizes and density that one gets in these cases make it possible to discuss more clearly 
the quantitative aspects of thermal expansion and their influences on the density. 

Until now the size of the square that represents a unit size was kept constant. The number 
of dots per unit square represent the density and one can learn about the size of the object by 
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counting the number of squares from which the object is constructed. When the termperature 
changes then physically the size of the object changes linearly in each dimension in proportion to 
the temperature change and a given coeficient specific to the material. 

As a first approximation we ignored the differences in the coefficient Cv for different 
materials and made all the objects expand and contract with the temperature by the same rate. 
(We had another version of the program in which each material kind has its own coefficient but this 
version was not actually used.) 

In addition to that we developed another model in which there is a distinction between the 
material kind and the box. In each box there is a circle with dots. The number of dots per circle 
represents different material kinds and densities. When the object expands the circle does not 
not change but the distances between each two circles gets larger (see Figure 8). 

In one version of this program there are "springs'* between the circles. This model is 
isomorphic to the other and students can switch back and forth between the two. In a way this 
model is a pseudo-representation for the atomic theory of matter that includes not only 
information about thermal expansion as a phenomena but also about the mechanism by which this 
expansion happened. This version can be used later as a bridge to other thermal phenomena, 
but this is beyond the scope of our current project. 

The idea of modeling and representations should be introduced to those involved in any 
attempt to use computer simulations as tods in science. The nwdel's assumptions (what is 
relevant, how to best to represent, accuracy and compatibility with real phenomena) should be 
discussed and made explicit as well. Even if many of these ideas are not discussed with students, 
the model builder and the teacher should be aware of them. Clarity about the assumptions built 
into the model gives users the possibility of modifying or giving up some features as needed or 
desired. 
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